Northern Michigan University

NMU Commons
All NMU Master's Theses

Student Works

2008

IDENTIFICATION OF YEAST AND YEAST-LIKE FUNGAL SPECIES IN
THE UPPER MIDWEST USING PHYSIOLOGICAL AND DNA
SEQUENCE DATA
Scott Eric Danneman
Northern Michigan University

Follow this and additional works at: https://commons.nmu.edu/theses

Recommended Citation
Danneman, Scott Eric, "IDENTIFICATION OF YEAST AND YEAST-LIKE FUNGAL SPECIES IN THE UPPER
MIDWEST USING PHYSIOLOGICAL AND DNA SEQUENCE DATA" (2008). All NMU Master's Theses. 376.
https://commons.nmu.edu/theses/376

This Open Access is brought to you for free and open access by the Student Works at NMU Commons. It has been
accepted for inclusion in All NMU Master's Theses by an authorized administrator of NMU Commons. For more
information, please contact kmcdonou@nmu.edu,bsarjean@nmu.edu.

IDENTIFICATION OF YEAST AND YEAST-LIKE FUNGAL SPECIES
IN THE UPPER MIDWEST USING PHYSIOLOGICAL AND DNA
SEQUENCE DATA
By
Scott Eric Danneman

THESIS
Submitted to
Northern Michigan University
In partial fulfillment of the requirements
For the degree of
Master of Science
Graduate Studies Office
2008

SIGNATURE APPROVAL FORM

This thesis by Scott Danneman is recommended for approval by the student’s thesis
committee in the Department of Biology and by the Dean of Graduate Studies.

Committee Chair: Dr. Donna Becker

First Reader: Dr. Jill Leonard

Second Reader: Dr. Alec Lindsay

Date

Date

Date

Third Reader: Dr. Alan Rebertus Date

Department Head: Dr. Neil Cumberlidge

Date

Dean of Graduate Studies: Cynthia Prosen Date

OLSON LIBRARY
NORTHEN MICHIGAN UNIVERSITY

THESIS DATA FORM

In order to catalog your thesis properly and enter a record in the OCLC international
bibliographic data base, Olson Library must have the following requested information to
distinguish you from others with the same or similar names and to provide appropriate
subject access for other researchers.

NAME:
Danneman Scott Eric
DATE OF BIRTH:
01/11/1983

ABSTRACT
IDENTIFICATION OF YEAST AND YEAST-LIKE FUNGAL SPECIES
IN THE UPPER MIDWEST USING PHYSIOLOGICAL AND DNA
SEQUENCE DATA
By
Scott Eric Danneman
Yeasts are unicellular fungi that play key biological roles and are useful in many
human applications from producing alcohol to serving as model organisms. They are found
as free living organisms or as symbionts of animals and plants. An estimated 1% of the total
extant species have been described. The objectives of this research focused on isolating and
identifying yeast and yeast-like fungal species from the Upper Midwest using phenotypic
tests and DNA sequencing. A total of 32 fungi showing single cell growth were isolated
from plants, soil and compost from around the Upper Midwest. The isolates were purified
and examined for morphological traits such as colony color, and cell characteristics. The
isolates were tested physiologically in their abilities to utilize carbon and nitrogen
compounds. A section of the large subunit rDNA was sequenced and compared to the
same sequence from known species. Sequencing of the internal transcribed spacer regions
of some of the isolates was also performed and compared to sequences from known species.
A total of 14 species were identified with the most common species being Aureobasidium
pullulans. Phylogenetic analyses showed the isolates as having diverse ancestry with isolates
belonging to both the Ascomycetes and the Basidiomycetes. Two new species were found,
one belonging to the genus Cryptococcus and another belonging to a new genus.
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INTRODUCTION

Fungi that grow and reproduce in a single cellular state are commonly termed yeasts.
Many yeast species have a filamentous (multicellular) stage and so many researchers use the
term yeast-like to describe all fungi that have a single celled stage and a filamentous stage
(Kurtzman and Fell 1984). Whatever these species are called they have important and
sometimes unknown functions in the many ecosystems in which they are found. Their
importance to humans can also not be understated. A few pathogenic species have plagued
humans with a range of ailments from mild itching to life threatening infections. For much
of recent human history yeast species have been used in human food and beverage
production. Recently the use of yeast to produce compounds of human use has become
widespread, from the production of fuel ethanol to the production of vitamins. Future
applications of yeast species are promising in the production of novel antibiotics, biological
control of pathogens, and the production of useful industrial compounds (Barnett et al.
2000; Buzinni and Vaughan-Martini 2006; Kurtzman and Fell 2000; Lachance 2006).
Although they are common in many environments, research on yeast species seems
to be in its infancy. A number of species were known in the early 20th century based on gross
physiological and morphological differences. Refinements in methods used to study these
organisms lead to a drastic increase in the species count by the mid 20th century. Molecular
methods began to influence the field in the last 25 years of the 20th century. These methods
lead to major changes in the naming and organization of the species. The molecular methods
reached a climax with the application of DNA sequencing technology and phylogenetic
reconstruction to yeast species research. With these methods differences and similarities
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within a species and among the species became more apparent. These methods enabled
researchers to more rapidly and accurately identify unknown yeast isolates than past methods
alone (Kurtzman 2006; Kurtzman and Fell 2006).
A large portion of the extant yeast species have yet to be described. Surveys such as
those frequently done with plants and macro-vertebrates are difficult for the yeast species
without a more complete list of the extant species. Unfortunately this means that much of
the biology of most yeast species remains out of reach (Kurtzman and Fell 2006).
This research was directed at isolating and identifying single celled fungi from plant
associated environments from around the Upper Midwest. A better understanding of the
species found in these environments as well as any previously unknown species were sought.
This study was designed to further compare DNA sequencing methods to
physiological/morphological methods for the identification and description of fungi with a
single celled stage.
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CHAPTER 1
LITERATURE REVIEW
WHAT IS A YEAST?
Yeasts are best described as “fungi, basidiomycetes or ascomycetes, whose vegetative
stage is unicellular, which multiply by budding or fission, which may or may not form spores
during a sexual stage, and which have not been named as some other type of fungus”
(Kurtzman and Fell 1984). This general description covers the huge variety of species that
are called yeasts. The broadness of this description also begins to illuminate the problems
associated with this type of fungi that will be discussed in further detail in this chapter. The
most commonly recognized yeast is probably Saccharomyces cerevisiae because of its application
in food and beverage production. Another yeast species that is commonly recognized is
Candida albicans because of its role in human disease. These two species represent only a tiny
fraction of the total diversity of yeasts. Yeasts have been found on every plant part, in and
on animals, in aquatic systems, and even in extreme environments such as the deep sea and
hot springs (Amanchukwu et al. 1989; Camatti-Sartori et al. 2005; da Silva et al. 2005;
Golubev et al. 2007; Kurtzman and Robnett 1997; Lachance et al. 2001).
Traditionally yeast species fell into three general categories, the largest of which is the
ascomycetous yeasts. The other categories are the basidiomycetous yeasts and the imperfect
yeasts (Deuteromycotina), those that do not have a known sexual state (Spencer and Spencer
1997). There are about 500 “true” yeast species (those that are known to be ascomycetes or
basidiomycetes) described in the 1984 edition of The Yeasts: A Taxonomic Study (Kurtzman
and Fell 1984). With the help of DNA technology this list was at first reduced because many
isolates that were thought to be separate species were in fact only strains within the same
species. The number of species ballooned to double the number of species described in that
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version of The Yeasts when DNA identification was broadly applied to finding new species,
mainly because of its relative speed of use (Kurtzman 2006). The Deuteromycotina category
has mostly been dissolved because the yeast species put in this category are now being
recognized as belonging to either the ascomycetes or basidiomycetes using DNA sequence
analysis. Estimations are that the number of currently described species of yeasts is only
about 1% of the total number of living species by the current definition of a species, which
is described in detail at the end of this chapter (Fell et al. 2000; Kurtzman and Fell 2006).

THE YEAST LIFE CYCLES
Many fungi have unique life cycle differences that are relatively obscure. Yeasts in
their unicellular state can all reproduce asexually by budding or fission. In budding, a small
protrusion begins to form on the wall of a mother cell (Figure 1.1). This bud grows larger
and is eventually either released from the mother cell or stays attached to form
pseudohyphae or true hyphae. Hyphae are strings of cells attached end to end. In
pseudohyphae the transition between each cell is constricted. In true hyphae the transition
between the cells is smooth with no constriction. Budding can take place in different ways
depending on the species and nutrient conditions. Buds in some species can only form on
one pole of the mother cell. In other species they can form at both poles and in still other
species the buds can form anywhere on the mother cell. Typically, in high nutrient
conditions the budding daughter cells are released from the mother cell. Under nutrient
stress the budding daughter cells may stay attached to form either pseudohyphae or true
hyphae. Hyphae allow the yeast to penetrate new territory in search of nutrients, such as
enter solid substrates, which a single yeast cell in incapable of doing. A few yeasts can
reproduce through fission; where by a cell divides into two equal daughter cells, similar to
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the way in which bacteria reproduce. The best known example of this is the model organism
Schizosaccharomyces pombe (Barnett et al. 2000; Kurtzman and Fell 2000).

Figure 1.1: Negative stain of budding yeast cells of the yeast Cryptococcus wieringae under
1000X oil immersion (All pictures and figures were taken or made by the author
unless otherwise noted).
Organisms such as plants and mammals are diploid organisms that have one copy of
genetic material from each parent. The haploid stage is typically restricted to a very short
period of time. In the case of mammals these haploids are the female’s egg and the male’s
sperm. These cells cannot exist outside of the body for any significant amount of time
without some sort of preservation. Yeasts and other fungi have haploid life stages that look
like and exist in nearly the same way as the diploid forms. In fact, in some species of fungi
there is no known diploid form and the organism only exists in a haploid form with no
known sexual reproduction.
The haploid types are typically called mating strains when they are known to
combine to form a diploid. Mating in yeast species only occurs between these haploid mating
strains. In the yeast Saccharomyces cerevisiae they are typically called the a and α mating types
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(Figure 1.2). These mating types exhibit a simple sexual differentiation. They release
compounds that attract each other. Once the two mating types meet they merge into a single
diploid cell. This diploid cell can then resume the typical asexual reproduction method
employed by yeasts, budding. The cells of some species are capable of spontaneously
switching mating types (Brock 1958; Herskowitz 1988; Zeyl et al. 2003).

Figure 1.2: Asexual and sexual life cycles of Saccharomyces cerevisiae. Figure was made using the
description of the S. cerevisiae life cycle (Herskowitz 1988).

THE IMPORTANCE OF YEASTS
Yeasts in food and drink production
Yeasts are some of the oldest organisms domesticated by humans. In our earliest
recorded history there are descriptions of alcoholic beverages being made from fermented
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fruit, although what caused the fruit to ferment was not known at the time. It wasn’t until
the mid 19th century when Pasteur described and experimentally validated the importance of
microorganisms in the production of food that the connection was known (Debre 1998).
Yeasts are used in the production of alcoholic beverages, bread, kefir, kombucha,
and a large variety of other fermented foods. In leavened bread they are used to produce a
rising of the bread. The yeast is typically added in a freeze dried state. The yeasts begin to
grow and ferment sugars found in the bread mixture. During this process the yeast cells emit
carbon dioxide and ethyl alcohol. The carbon dioxide causes the bread to rise. The bread is
then baked and the alcohol evaporates from the bread mixture.
In alcoholic beverages the yeast is added and allowed to ferment the sugars present
in the recipe. The carbon dioxide is allowed to escape. In the case of beers and other lower
percentage alcohols the fermentation is stopped when the desired alcohol content is reached.
In wines the yeast is allowed to produce alcohol until it can no longer do so. Most yeast
strains used in alcoholic drink production can not ferment beyond 12% ethyl alcohol but
some are used that can ferment to 15% or more. Any alcoholic beverage having a higher
percentage than this has been distilled to increase the alcohol content (Lea and Piggott
2003).
Kefir is a fermented dairy product known for its beneficial health effects. It is
originally from the Caucasus region of the Middle East. It is made by adding bacteria and
yeasts to cow, goat, or sheep’s milk. This is then allowed to ferment from one to four days.
The fermentation process creates what are called kefir grains which are a combination of the
bacteria, yeasts, proteins, lipids, and sugars. The grains are held together by a polysaccharide
gum called kefiran. A large portion of the cells are held firmly within this matrix. The grains
or the liquid are then drunk or eaten as is or are added to other things including yogurt and
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smoothies. Dominant yeast species found in kefir cultures include Torulopsis holmii and
Saccharomyces delbrueckii. Both Candida kefir and S. cerevisiae have also been found to occur in
kefir (Steinkraus 1995). Many of these same species are also used in the production of
sourdough bread. Kefir is known for its high nutrient content and its ability to restore or
maintain a healthy gastrointestinal tract. It has been shown to aid in lactose digestion,
suppress high blood pressure and reduce serum cholesterol levels (Hertzler and Clancy 2003;
Maeda et al. 2005). Efforts to grow the species found in a kefir grain and combine them
have been unsuccessful (Farnworth et al. 2003; Hertzler and Clancy 2003; Maeda et al. 2005).
Kombucha or tisane is a tea made through fermentation by a solid mass composed
of bacteria and multiple yeast species originally from China. The principle bacteria involved
is Bacterium xylinum. The yeast species involved in production vary but the common species
include: Brettanomyces bruxellensis, Candida stellata, Schizosaccharomyces pombe, Torulaspora delbrueckii
and Zygosaccharomyces bailii. It is believed that the tea assists the liver in the detoxification of
toxic compounds. It has gained great popularity in recent years and it is marketed under
many brand names (Teoh et al. 2004).

Medical importance of yeast species
Yeasts have significant medical importance. Many yeast species are virulent
opportunistic human pathogens, especially in immunosuppressed individuals. Infections can
be difficult to treat especially if the strain is resistant to the few fungicides that can be used
against them (Hall et al. 2003). The potentially pathogenic yeast Candida albicans causes skin,
blood and other internal infections, collectively called candidiasis or thrush. When it
becomes pathogenic this yeast typically switches from a unicellular form to a hyphal form
and penetrates host tissue (Leaw et al. 2006).
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In 1963 Bevan and Makower first described the ‘killer character’ in Saccharomyces
cerevisiae. This killer character gave certain strains the ability to kill other strains (Bevan and
Makower 1963). This character was later found to be present in many yeast genera and was
determined to be caused by exotoxins that are released by the killer yeast strains. These
exotoxins can kill susceptible strains of the same species, congeneric species (species from
the same genus), and have even been shown to be effective against medically important
species such as Candida albicans, Pneumocystis carinii, and Mycobacterium tuberculosis. The possible
medical application of these exotoxins is being studied heavily and looks very promising
(Magliani et al. 1997).
Many medically useful chemicals and vaccines are produced with the assistance of
yeasts. Riboflavin has historically been produced using Eremothecium species. The production
of other vitamins such as ascorbic acid and a precursor to vitamin D2 has been
demonstrated at the laboratory scale but have not been scaled up to industrial production
scale. Human proinsulin and a vaccine against hepatitis have been produced in yeasts. Yeast
cell cultures have been shown to be cheap alternatives for producing a variety of chemicals
and their use in such applications will likely increase (Buzzini and Vaughan-Martini 2006;
Emini et al. 1986; Toêttrup and Carlsen 1990).

Ecological Importance of Yeasts
As with all fungi, yeasts serve important roles as decomposers. They are especially
important for their role in degrading recalcitrant molecules. Compounds such as lignin,
cellulose, chitin, pectins, and hydrocarbons are all degraded by some yeast species
(Amanchukwu et al. 1989; Benner and Hodson 1985; Birgisson et al. 2003; Buzzini and
Martini 2002; da Silva et al. 2005; Elango et al. 1982).

9

In aquatic ecosystems yeasts are a major group responsible for utilizing dissolved
compounds in the water column. They are especially abundant where there are large
amounts of dissolved nutrients. Thus they are more common in eutrophic waters (Hagler
and Mendonca-Hagler 1981; Libkind et al. 2003). Marine yeasts are very common in the
open ocean. In low nutrient waters there are still around 100 yeast cells per 100 mL of water.
In waters with a high nutrient content such as in algae blooms, around river deltas, and
around human activities these counts can reach >10,000 cells per 100 mL (Hagler and
Mendonca-Hagler 1981). Yeasts are also found in many marine sediments although very little
has been done so far to isolate and identify these species. The general consensus is that the
marine yeast species far outnumber the number of marine filamentous fungus species.
Hot springs hold a surprising quantity of fungi. Although the field is very new,
numerous yeast species and a handful of filamentous fungi have been discovered. Some of
the yeasts discovered could have industrial applications, including one yeast capable of
ethanol production above 40 °C (Ryohei et al. 2002).
Yeasts are also known to inhabit the guts of terrestrial and aquatic animals as
symbionts or commensals. Yeasts are found inhabiting the guts of animals living in saltwater
and have also been found to be parasites and commensals on and in algae (Andlid et al.
1995b; Shearer et al. 2007). In animals these fungi may die within the gut of the animal and
supply nutrients to the host organism. Fungi also serve another role in many organisms’ guts
as symbionts that allow the organism to eat and digest food that the host organism could not
digest with its own enzymes. This appears to be the case in many herbivorous insects that
have a very specialized yeast ecosystem within their gastrointestinal tract (Andlid et al. 1995a;
Lachance et al. 2003; Pimentel et al. 2005; Shearer et al. 2007; Suh and Blackwell 2004;
Thanh et al. 2006).
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Fungi serve as food for numerous organisms in all types of ecosystems. In terrestrial
ecosystems yeast cells on plants and other substrates provide an important high protein food
source for insects. In aquatic ecosystems yeast cells are a common food of zooplankton.
Yeast cells provide many fatty acids and proteins not available to herbivorous insects from
plants or to zooplankton grazers from algae. There is some speculation that many species
could not survive without a significant input of fungal biomass. From the perspective of an
herbivorous insect or zooplankton, a yeast cell is far more nutritious then an algal cell. Some
zooplankton grazers appear to select for yeast over algal cells (Chauvet 1987; Haney 1971).
Yeasts are abundant on plant surfaces and can benefit, hinder, or not affect the plant.
Many significant plant pathogens have morphs that appear yeast-like (Batzer et al. 2005;
Camacho et al. 1997; Hambleton et al. 1995; Mishra and Tiwari 1983). A number of species
are found to be natural antagonists of other plant pathogens (Patino-Vera et al. 2005;
Sipiczki 2006). The effects that yeast species have in soil systems are barely beginning to be
understood but their frequent isolation from this environment may indicate a very important
role in nutrient cycling and microbial dynamics (Spencer and Spencer 1997).

Other uses for yeast species
The human applications for yeasts have expanded considerably since their first
human applications. Besides their importance in alcoholic drink production, yeasts have
been put to use in producing biofuels and have an integral place in biotechnology. A rather
obvious human application of fungal degradation is ethanol of biodiesel production.
Numerous species have been used by humans for this very purpose (Buzzini and VaughanMartini 2006; Thomas et al. 1995; Watanabe et al. 2000). In the new environmental economy
that is beginning to take shape, the production of fuel ethanol is becoming increasingly
important. Some aquatic yeast species have begun to show promise in improving the
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process. Some aquatic yeast species have proven more effective at producing ethanol in
liquid state fermentation tanks. Others from hot springs have been shown to produce
ethanol at very high temperatures. This gives a large boost to the economics of the process
because after fermentation the water and alcohol mixture must be heated to evaporate the
alcohol and then the vapor must be cooled to condense the alcohol (distillation). Anything
that makes the temperatures of the fermentation and the distillation closer together not only
saves on heating costs but saves on the amount of time needed before the hot still water can
be added back into the fermentation vat. Therefore, ethanol can be produced cheaper and in
a shorter amount of time (Ryohei et al. 2002). The use of corn in the process is also a
significant impediment because of its relatively low mass/acre yield and connection to
human food economics. Yeast species or combinations that can break down more complex
plant molecules, such as lignin, into ethanol or other fuel molecules would be a large
advantage to the biofuel industry(Cullen and Kersten 2004). Additionally vinegar, acetone,
and methanol are all common chemicals typically produced with the help of fungi (Buzzini
and Martini 2002; Buzzini and Vaughan-Martini 2006).
Some yeast species have been found to be of great use in the biological control of
diseases of crop plants and their use has increased exponentially since the early 1990s. A few
biological control formulations that contain active yeast cultures have already come to
market. The common yeast Aureobasidium pullulans has been found to be a successful
biocontrol agent for the control of Pseudomonas syringae on fruits and vegetables. Rhodotorula
minuta has shown promise as a biocontrol agent of mango anthracnose. Numerous yeast
species have shown promise in controlling various diseases on apples (Janisiewicz and
Korsten 2002; McCormack et al. 1995; McLaughlin et al. 1990; Patino-Vera et al. 2005;
Walker et al. 1995).
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IDENTIFICATION OF YEAST SPECIES AND SPECIES
CONCEPTS
The fungi are a group of organisms that are problematic in their identification,
classification, and naming. Fungi, and especially yeasts, are difficult to identify because of
their few easily observed distinctive features and from the current taxonomy used to name
yeasts. Over half of the yeast species known are clumped into three large genera; Candida,
Pichia, and Hansenula. Many of the other genera have one or a few representative species.
Ninety percent of the yeast species appear similar when basic identification procedures are
used and therefore cannot be identified in a quick way. Historically the identification of yeast
species has relied on a barrage of phenotypic tests such as carbon and nitrogen assimilation
patterns, fermentation pathways, ability to sporulate, and resistance to fungicides. All of
these tests take considerable time and equipment to complete and have proven to be quite
inaccurate.
Chief among the problems associated with the identification, classification, and
naming of fungi may be the definition and application of a species concept. Species concepts
were scrutinized and categorized by Mayden (1997) as either theoretical or operational.
Operational species concepts are those concepts that can be used to recognize species. This
work will primarily focus on operational concepts because of the study’s focus on
recognizing species. Theoretical species concepts include such concepts as the “evolutionary
species concept” that describe a species as “ . . . a single lineage of ancestor-descendent
populations which maintains its identity from other such lineages and which has its own
evolutionary tendencies and historical fate” (Wiley 1978). Operational species concepts are
seen as descendants of theoretical species concepts that can actually be used to identify
species (Mayden 1997).
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Operational species concepts use some sort of character, or lack thereof, to define a
species. Some yeast species fit comfortably into the strict definition of a species as defined
by the “biological species concept” in which a species is defined as all the individuals of a
natural population that can interbreed at maturity and produce fertile offspring (Mayr 1963;
Wiley 1978). This concept is difficult to apply to a large percentage of fungal species. A large
portion of yeasts and other fungi are self-fertile and others have never been shown to
sexually reproduce. Much of this “species problem” arises from the way in which the word
species is used. A number of past scientists have regarded a species name as one arbitrarily
assigned to a group of individuals with similar characteristics. Modern day phylogenetics has
in many cases adopted a species concept of its own. Called the “phylogenetic species
concept” sensu Wheeler and Platnick (2000), a species is defined as the smallest aggregation
of (asexual) lineages or (sexual) populations diagnosable by a unique combination of
character states (Wheeler and Meier 2000). The applications of genetic techniques have
resulted in the “genetic species concept”, in which a species is defined as a group of
individuals that share a specified amount of genetic similarity. All of these species concepts
have been used to define yeast species in the past (Masters and Spencer 1989; Wheeler and
Meier 2000).
Few would argue that a horse and a zebra are in fact part of the same species. These
two species have so many dissimilarities that they would be considered separate species no
matter what species concept was used, unless arbitrarily defined to be the same species. On
the opposite end of the spectrum there are a large number of species problems throughout
the biological sciences. Species that are reproductively isolated but are nearly indiscernible
from each other morphologically are called cryptic species. Cryptic species have been found
within fish, insects, and birds (Hebert et al. 2004; Irwin et al. 2001; Molbo et al. 2003; Rocha-
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Olivares et al. 1999). A species that shows a diverse morphological character or characters is
sometimes mistaken as being more that one species. This has been shown in different color
morphs of fish (Bernardi and Goswami 2004). Species problems are no stranger in most of
the sciences, with various other types of problems defining species.
Similar problems are encountered in defining yeast species. Unfortunately a further
complication arises in fungi because of the naming of sexual and asexual life stages or
morphs. According to the International Code of Botanical Nomenclature (Vienna Code) an
asexual morph of a species may be named (an anamorph) as well as a sexual morph (a
teleomorph). The holomorph (the species in all its morphs) takes the name of the first
validly published teleomorph. When referring to a species in all its morphs the
teleomorph/holomorph epithet should be used. If the teleomorph connection to an
anamorph is known, the use of the anamorph name should be avoided unless needed for a
practical reason (McNeill 2006).
Yeast species have historically been described and differentiated from one another
using physiological and morphological characteristics. These tests often fail to find
differences between two yeasts that do not appear closely related or find differences between
two isolates that are later shown to belong to the same species. Historically, yeast isolates
that were found to be dissimilar were described as different species. Recently when some of
those species were tested using DNA sequencing or DNA hybridization they were found to
be the same species. Some yeast isolates that were clumped together under the same species
name because of similarities have also been shown to not be closely related using the same
DNA techniques (Kurtzman 2006). It is speculated that much of this problem arises from
the limited number of compounds used regularly in these tests (Kurtzman and Fell 2006).
Techniques such as mating tests and molecular techniques are also used to assist in the
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identification of yeasts because many species will have the same results when put through
the traditional tests. Although many of these techniques are useful, some seem of less use
due to their relative specificity or the amount of labor that is involved. The tests in many
cases are so specific that they are only useful for identifying species within a single genus,
which is not practical when the genus is not known (Hall et al. 2003; Kurtzman and Fell
2006; Lindsley et al. 2001).
Descriptions for yeast species historically included carbon utilization and
fermentation abilities (e.g. D-glucose, D-galactose, sucrose, maltose), nitrogen assimilation
abilities (e.g. nitrate, nitrite, ethylamine, L-lysine) and colony/cell characteristics (e.g. cell size,
colony color, production of hyphae). These were the basic characteristics used to identify a
species in the 1952 edition of The Yeasts: A Taxonomic Study. That version described 164
species (Lodder and Kreger-Van Rij 1952). The number increased to 349 species by the time
the second edition was published in 1970 (Lodder 1970). Much of this increase has been
attributed to the increase in the number of physiological tests used to describe species in that
edition. Some of the first molecular techniques were applied to yeast species between the
second and third edition. This not only merged some past species together into new larger
species but also lead to new species descriptions for a cumulative total of 500 described
species in the third edition. (Kreger-Van Rij 1984; Lachance 2006). During the time between
the third and fourth editions DNA sequencing began to impact the field. This again resulted
in the merger of species, the discovery of new species, and the division of previously
described species. The overall result of all these effects resulted in a total of 700 species
being described in the fourth edition (Kurtzman and Fell 1998; Lachance 2006). The full
effect of DNA sequencing and phylogenetic reconstruction has yet to be felt in yeast
systematics.
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In yeast-like organisms the importance of a species definition also depends on the
way in which those species names are to be used. Typically a researcher that deals with yeasts
on a daily basis sees more practicality to naming more species than a macrobiologist.
Macrobiologists have typically used morphological and mating features to name and
differentiate between species, while microbiologists would use metabolic characters because
of a lack of morphological characters and in most cases a lack of sex. With the adoption of
the biological species concept by most macrobiologists, scientists were given a theoretical
concept that helped them to describe species. Microbiologists that studied asexual species
were not able to fit the species they studied into this concept (Mayr 1963). Unfortunately the
difference in species concepts and identification occasionally leads to a misunderstanding
between microbiologists and macrobiologists on what a species is. A macrobiologist may fail
to recognize a microbial species as it is known to a microbiologist because the microbial
species does not have readily identifiable morphological features and does not fit the
biological species concept. Microbiologists have sought after a universal species concept for
these very reasons (Cohan 2002; Rossello-Mora and Amann 2001).
Attempts have been made to categorize all asexual yeasts under one taxon or at least
group them together in an attempt to fit a biological species concept. In many cases this
approach was attempted. One notable and still evident example is that of the
Deuteromycetes (Fungi Imperfecti). This form-division became a “catch-all” category for
asexual fungi. Many asexual yeast species were put into this category. This strategy has many
inherent and troubling flaws. Many yeast species are described from very few isolation
events. This is one of the reasons why the anamorph category was created. The low number
of isolation events leads to a sort of sampling error. It is unlikely that two sexually
compatible strains will be isolated at the same time and therefore sexual reproduction will
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not be observed even if the strain is capable of sexual reproduction. If a mating strain is ever
found then the species can be published under a teleomorph name.
Modern yeast phylogenetics has shown that loss of sexual reproduction can happen
anywhere in the evolution of fungi and is therefore not always an acceptable character for
taxonomy (Xu 2004). An asexual species can be nested within a clade containing sexual
species in a phylogeny (Kurtzman and Fell 2006). Another troubling flaw of clumping many
individual types of yeast into a single taxon due to a lack of sexual reproduction is that some
practical usage of unique taxa names is lost. If an isolate that can only exist as a human
pathogen is clumped with an isolate that exists on fruit and is never pathogenic and they are
put under the same species name their uniqueness is lost to the less important strain name,
which is even less well defined than a species. The Deuteromycete category contains what
are now believed to be the anamorphs of other described or un-described teleomorphs and
some truly asexual species, which belong to either Ascomycota or Basidiomycota.
A definition of what a yeast species is has yet to be formally agreed upon and may
never be. The most practical approach and well agreed upon guideline for a species
definition in yeast-like fungi as described by Lachance (2006) is that “Although species
concept controversies are not alien to yeast systematics, many practitioners agree that species
should, whenever possible, represent cohesive evolutionary units”. This guideline is
workable and encompasses the wide variety of methods that have been used and will be used
to describe species. Defining the boundaries of the evolutionary units will still be
contentious and this is where differing operational species concepts will be used.
As discussed previously, a variety of operational species concepts have been used to
describe yeast species. Physiological, morphological, phylogenetic, DNA sequence, and
ecological context data have been used or combined to describe yeast species. All of these
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species concepts are most likely valid with context to the guideline offered by Lachance
(2006) but many are more difficult to apply than others and lead to significant error in
species definitions. Accurate yeast species descriptions made using physiological methods
have been shown to be difficult to achieve. Many species descriptions originally made using
physiological methods have not held up when compared to mating, DNA hybridization or
DNA sequencing techniques. Physiological methods have generated species which are
supported by all methods but they have also generated a large quantity of artificial species
when compared to other methods (Kurtzman 2006; Lachance 2006; McLaughlin et al. 1990).
Many of these errors appear to come from the complexity of the work involved in
physiological tests and the amazing complexity of yeast physiology. In the early years of yeast
research a limited set of physiological tests were used to test isolates. The list of tests quickly
enlarged when researchers noticed that different isolates differed in all sorts of ways
physiologically. The second edition of Yeasts: Characteristics and Identification used 91
physiological tests plus some morphological characteristics to describe 597 species (Barnett
et al. 1990). The third edition used 99 physiological tests plus some morphological
characteristics to describe 678 species (Barnett et al. 2000). The number of tests used
probably only begins to describe the diversity of the physiology of yeasts.
Theoretically speciation in yeast taxa can be as simplistic as a new physiological
ability. Take for example a hypothetical situation in which a yeast species exists on fruit
utilizing D-glucose excreted onto the outside of the fruit. Then imagine that a portion of the
species develops the ability to utilize collagen as an energy source and the fruit is eaten by an
animal. The collagen in the animal could supply a new resource unavailable to the noncollagen utilizing yeasts. This access to a new resource might isolate the variants that are able
to utilize collagen and a new species develops. This is one way in which physiological
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abilities may lead to speciation in yeasts. Similar situations have undoubtedly played out time
and again in the evolutionary past of the yeasts. In such situations it seems relatively easy to
define a species physiologically. The complexity of the situation quickly multiplies because of
the millions of molecules that could be used for energy and nitrogen sources by yeasts. Not
only is the number of carbon and nitrogen molecules staggering but then there are further
complications. There is the possibility that two portions (strains) of a species may have a
similar subset of abilities but may also be variable in some abilities and yet not be genetically
isolated. Take for example the previously mentioned theoretical example. Instead of the
collagen utilizing yeast being genetically separated from the fruit yeast they could come into
contact through reoccurring visits from the animal and thus not be “cohesive evolutionary
units” (Kurtzman 2006).
Morphological characters have also yielded a similar mixture of currently accepted
and unaccepted species descriptions. Morphological characters such as presence or absence
of hyphae or pseudohyphae and ascospore shape were once thought to be constant within a
species. It has now been shown with molecular techniques that these traits can be variable
within a species (Kurtzman 2006).
It wasn’t until DNA technologies and phylogenetic analysis were applied to the field
that an operational species concept was available that could supply highly accurate
descriptions and thus identifications. DNA techniques were first applied in the form of
molar percentage guanine + cytosine (G + C) ratios. It was found that ascomycetous yeasts
molar percentage G+C range was ~28–50%. Basidiomycetous yeasts on the other hand had
a molar percentage G+C range of ~50-70%. Isolates that differed by 1-2% were considered
different species (Kurtzman and Phaff 1987; Nakase and Komagata 1968; Price et al. 1978).
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Soon an even more accurate method was applied in the form of DNA hybridization.
This method involves combining a section of DNA of interest from two isolates. The DNA
is then made single stranded and allowed to reassociate. The relatedness of the two isolates
was determined depending on the extent of the reassociation. The measurements were
typically expressed in terms of percent relatedness. In order to generate accurate data the
experiments must be done under optimal conditions. Comparing DNA hybridization data to
mating data gave an estimate that strains that demonstrate 70-100% DNA relatedness are
likely to be the same species. The major problems associated with this method are the
number of exceptions that have been found, the method’s inability to detect subtle
differences between species, and the amount of time that the method takes (Kurtzman
2006).
The most recent DNA methodology applied to yeast species description has been
DNA sequencing combined with phylogenetic analysis. This method is not limited to closely
related taxa. The method can be used to identify differences between every species and can
show differences between varieties and even local population differences within a species. It
has been discovered that two sections (D1/D2) of the large subunit of ribosomal DNA
(LSU rDNA) are sufficiently variable to identify individual species in nearly all cases
(Kurtzman and Robnett 1998). RDNA are sequences encoding ribosomal RNA. Ribosomal
RNAs regulate amplification and transcription initiation. Databases containing the sequences
of all known yeasts have been completed so sequences from unknowns can quickly be
compared to that of known yeasts (Fell et al. 2000; Kurtzman and Robnett 1998). When
mating crosses and DNA hybridization studies were compared to sequences from these
regions it was found that the differences in the LSU sequence between strains within a
species varies from 0-3 DNA nucleotides (0%-0.5%) and isolates that have 6 or more
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noncontiguous substitutions (1%) in this sequence are considered separate species
(Kurtzman 2006). Studies involving naming and evolution of fungi typically utilize the first
600-900 bp (from the 5’ end) of the large subunit rDNA. This means that to be able to
compare unknown sequences to published sequences of known species, this area must be
sequenced. This includes the regions termed D1 and D2. Fungal sequence databases
(including Genbank) have the sequences for this region of every known yeast species.
Outside of these regions much of the LSU is constant across very diverse fungal groups, and
is therefore not informative when it comes to indicating differences between groups or
species.
The sequences of many other genes have been used with good success. Three other
ribosomal DNA regions of use in species identification are the internal transcribed spacer
regions (ITS1 and ITS2), the 5.8 small subunit (SSU), and intergeneric spacer region (IGS).
The ITS1 and ITS2 regions of the rDNA are found just upstream to the LSU with the 5.8
subunit gene found between the two ITS regions (Figure 1.2). Sequences from the rDNA
ITS regions and IGS regions have been shown to occasionally be needed to identify species.
The ITS regions are the second most commonly sequenced parts of yeast genomes but
because these regions are only needed in difficult genera and for regional variation studies
they are sequenced less often than the LSU. These regions are also not as heavily used
because they have been shown, in many cases, to not greatly enhance species identification
beyond that of the D1/D2 regions. However, there are smaller sets of genera or species
where they have are useful in describing differences. They also have been useful when
regional variation or when strain differences need to be described. Genera such as
Saturnispora, Kregervanrija, and Xanthophyllomyces have been shown to have greater resolution
between species in the ITS regions than in the D1/D2 regions. In contrast some species
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within Trichosporon were shown to have fewer differences in the ITS regions than in the
D1/D2 regions. The sequencing of other genes adds support to the identification over that
of an identification based on a LSU sequence alone. Traditionally the LSU is sequenced and
if the isolate falls within a genus known to have classification problems with the LSU, then
the ITS regions are also sequenced. In some cases this has been done in reverse whereby the
ITS regions are sequenced first followed by the LSU (Fell and Blatt 1999; Kurtzman 2006;
Kurtzman and Robnett 1998; Scorzetti et al. 2002).

Figure 1.3: Primer map of region of interest showing genes of interest and primers utilized to
amplify those genes.
Over the years that this approach has been used, a variety of similar methods have
been applied. The primers used vary and therefore the exact area amplified and sequenced
varies. There have been over one hundred different primers described and used in this
general area of the genome (Lutzoni et al. 1991; Szaro 2007). Some primers are universal to
all fungi and some are specific to only basidiomycetes or other specific groups of fungi. In a
species identification study, universal primers offer advantages over specific primers. Where
in a classification an unknown species belongs may not be known and so specific primers
may not be able to amplify the sequences needed. A universal set of primers that have been
used by many authors for the LSU is the forward primer (NL-1) and the reverse primer (NL4) (Kurtzman and Robnett 1997; O’Donnell 1993). Studies that sequence both the LSU and
the ITS regions typically use two sets of primers one for the LSU regions (typically NL-1 and
NL-4) and one for the ITS regions (typically ITS1 and ITS4 or pITS-F and pITS-R)
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(Golubev et al. 2007). A relatively new technique uses only one set of primers to initially
amplify the genes of interest. This primer set amplifies the LSU regions D1/D2 and the ITS
regions (typically ITS 5 and LR6). Then during the sequencing reactions two primer sets are
used to prepare the DNA for sequencing. This reduces the initial number of PCR reactions
that need to be conducted (Fell et al. 2000).
Multi-gene analyses have the possibility of improving the classification of yeast and
making identification easier and more accurate. A few obstacles remain in the way to making
this a practical possibility. First, other suitable genes must be found that can be amplified
with primers nearly universal to all known yeasts. Second, all known species will need to
have those genes sequenced and databases with those sequences will need to be created
(Kurtzman 2006).
A phylogenetic species concept is another important aspect of present day yeast
species recognition. After a sequence is determined it can be aligned with other similar
sequences and it can be analyzed using software designed for this purpose such as PAUP*
(Swofford 2002). Phylogenetic trees and support values can be generated that predict what
the evolutionary relationships of the sequences are to each other. The support values can
show how well the hypotheses shown in the phylogenetic trees are supported. This gives the
researcher the ability to infer how the studied species relates to known species (Andlid et al.
1995b; Taylor et al. 2000).
Although recognition of yeast species will remain difficult for many years to come
the methods used have become faster and lead to fewer misidentifications. Species can now
be quickly recognized from rDNA sequencing. Unfortunately, the taxonomy of the yeasts
has not been completely resolved. Many genera such as Candida and Cryptococcus are obviously
polyphyletic (composed of species from different lineages) and need to be reorganized

24

(Kurtzman and Fell 2006). Reorganization of the genera will undoubtedly lead to renaming
of species but the species description will be maintained in many cases. The operational
species concept presently used by most yeast researchers is one based on genetic similarity
(sequence data and occasionally DNA hybridization) and phylogenetic analysis. Species
descriptions still are made using physiological and morphological data but now typically
require sequence and possibly phylogenetic data to show how the new species relates to
previously described species. Descriptions are thus not purely genetic, phylogenetic or
physiologically based, but are instead a combination of all of these. This sort of description
allows researchers to compare physiological differences or similarities between species, as
has been done historically. Descriptions of this nature also allow researchers to compare
ecological and genetic differences or similarities between species. It should be expected that
descriptions generated in this way will yield species descriptions that are less prone to the
problems associated with the purely physiological species descriptions of the past.
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CHAPTER 2
ISOLATION AND MORPHOLOGICAL/BIOCHEMICAL TESTING OF
YEAST-LIKE ISOLATES
ABSTRACT
Morphological and biochemical testing of unknown yeast and yeast-like isolates is a
useful and sometimes necessary step in identifying species. Morphological characters include
such things as: colony color, presence or absence of hyphae, cell shape and size. Biochemical
tests frequently include aerobic carbon and nitrogen utilization tests as well as carbon
fermentation tests. The purpose of this research was to isolate and test yeast and yeast-like
fungi isolated from various plant related environments in the Midwest with a barrage of
phenotypic tests. Thirty-two yeast-like isolates were tested from 14 different environments.
In general the isolates were capable of utilizing a wide variety of carbon compounds
aerobically and were not capable of fermentation. A large portion of the isolates were
capable of producing hyphae. A diversity of yeast-like fungi was found from the
environments sampled. The isolates included representatives from both the basidiomycetes
and the ascomycetes.

INTRODUCTION
Although the practice of solely using morphological and physiological tests to
identify yeast-like fungi has fallen out of favor, these data are still important for the
identification of a species as well as for the ecological context of the species being studied.
In the past a list of morphological comparisons and biochemical tests were conducted on
yeasts isolated in order to identify them to species level (Lodder and Kreger-Van Rij 1952).
This was found to be an inaccurate method of identification because of the variability of
species, because of human error associated with this number of tests, and because of the
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limited number of tests that could conveniently be done. These methods are now used in
conjunction with sequence data to accurately identify and describe species (Kurtzman 2006).
Although these data can no longer be used by themselves to identify species they can help
place isolates into higher-level taxonomic groupings as well as reveal important abilities and
ecological contexts of the species being studied.

MATERIALS AND METHODS
Isolation and purification
Fruit was collected from Amelanchier laevis (Allegheny serviceberry), Andromeda polifolia
(bog rosemary), Carex interior (inland sedge), Gaultheria procumbens (American wintergreen),
Ilex verticillata (Michigan holly), Malus sp. (sweet crabapple), Malus sylvestris domestica (apple)
from trees in domestication, Malus sylvestris domestica (apple) from uncultivated trees,
Vaccinium angustifolium (lowbush blueberry), Vaccinium angustifolium var. nigrum (lowbush
blueberry), and Vitisvinifera sp. (domestic table grape) from vines in domestication. Leaves
from Oncidium ‘Sharry Baby’ (orchid), compost from a backyard compost pile, and soil from
the greenhouse on the campus of Northern Michigan University were also sampled (Table
3.1). The isolate from the orchid leaf is a contaminant from previous research involving the
propagation of orchids. Wearing latex gloves, fruit was hand-scrubbed gently in 100 mL
sterile distilled water. The rinse water was plated onto four potato dextrose agar (PDA)
plates in 1 mL (2 plates) and 100 µL (2 plates) aliquots and spread using a sterile glass
spreader. In the case of the soil and compost 1 g of each were added to the 100 mL sterile
distilled water and then plated out as described previously. The plates were incubated at
room temperature for three days. Presumptive yeast colonies were removed and observed
under the microscope in a wet mount slide stained with methylene blue for yeast
characteristics. Colonies that were confirmed to be yeast-like were then streaked onto PDA.
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Original plates were refrigerated at 4 ° C. New unique colonies that grew during refrigeration
were again tested for yeast characteristics and streaked onto new plates if positive. Plates
were allowed to incubate for one week at room temperature. If a mix of colony types were
seen or microscope analysis showed contamination, the cultures were re-streaked until purity
was obtained. In the case of persistent bacterial contamination the yeast strain was plated
onto PDA containing gentamicin (0.5 mg/L). The plated yeast was then again checked for
purity. Isolated yeast cultures that were found to later contain more than one phenotype
were separated. Isolates separated in this fashion were given the designations A, B, etc. in
their names.

Biochemical and Phenotypic Tests
Microscopic Analysis: Yeast strains were observed under a light microscope and
notable characteristics were recorded including: size, shape, presence or absence of spores,
budding/division characteristics, presence or absence of hyphal growth, and presence or
absence of conidia.
Carbon and Nitrogen Assimilation Tests: Carbon and nitrogen assimilation tests
were conducted using only slight modifications to the methods as described in Yarrow
(1998). Yeast strains were first grown in an inoculation liquid medium that contained Yeast
Nitrogen Base and glucose as a carbon source as described until the turbidity readings were
equal to 75% transmittance as measured in a spectrophotometer at 600 nm. Concentrated
carbohydrate stocks were prepared by adding the equivalent amount of the carbon
containing compound to be tested as 0.5 g glucose per 90 mL sterile distilled water. These
stocks were then filter sterilized to remove contaminants. The media could not be
autoclaved because many carbon compounds are modified at the heat and pressure of an
autoclave. A basal medium was prepared that contained all other nutrients needed by adding
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6.7 g of Difco Yeast Nitrogen Base to 100 mL sterile distilled water. This was then filter
sterilized. The media were then stored at 4 ° C until needed. Tubes of ready to use liquid
media were then prepared by mixing 0.5 mL of the basal medium and 4.5 mL of the
carbohydrate stock in sterile test tubes plugged using cotton.
Nitrate assimilation was tested by preparing a nitrate stock solution of 0.5 g KNO3
into 90 mL distilled water. A basal medium was prepared that contained all other nutrients
needed for growth by adding 11.7 g Difco Yeast Carbon Base and 5 g glucose to 100 mL
distilled water. Tubes of ready to use liquid media were then prepared by mixing 0.5 mL of
the basal medium and 4.5 mL of the nitrate stock solution in sterile test tubes plugged using
cotton.
Tubes containing the specific carbon source or nitrogen source were inoculated with
25 µL of the yeast isolate inoculation. After a few days when some growth was noticed a
second fresh tube was inoculated from the first with 25 µL. Readings were taken from the
second tube only to reduce the effect of residual nitrogen from the inoculation.
Tubes were placed on a shaker at 80 rpm and maintained at 23 ± 2 ° C. A
spectrophotometer was then used to assess growth within the tubes on a 24 hour basis for 1
week, then on a 72 hour basis for a final three weeks. An initial reading was taken to provide
a baseline for each tube. Each test included one known yeast species able to utilize the
carbon or nitrogen source being tested and one known species that could not utilize the
carbon or nitrogen source being tested. A positive reaction was recorded if the isolate grew
in the test tube and a greater than 25% change in transmittance was recorded. A test was
recorded as weak if the change in transmittance was less than 25% but greater than 10%. A
test was recorded as negative if the change was less than 10%. Tests that took longer than 5
days to show a greater than 10% change but then showed a greater than 25% change were
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recorded as delayed. Tubes were run in duplicate then the entire test was repeated at least
twice. The number of carbon and nitrogen sources tested depended on the yeast isolate by
following keys presented in Yeasts: Characteristics and Identification (Barnett et al. 1990).
Carbon Fermentation Tests: Tubes containing a 6% concentration of the carbon
source in a fermentation liquid media that have a small inverted Durham tube added to them
were prepared and autoclaved. The autoclaving process fills the insert tubes with the liquid.
The tubes were then inoculated with 25 µL of the yeast isolate inoculum. If an insert tube
filled with any visible amount of gas the test was recorded as positive for the fermentation of
that carbon source. Tubes were run in duplicate then the entire test was repeated at least
twice. Each test included one known yeast species able to ferment the carbon source and
one known species that could not ferment the carbon source.

RESULTS
A total of 32 putatively unique yeast-like fungi were isolated from the environments
sampled (Table 2.1). Of these 28 were tested physiologically and morphologically first, and
then followed by sequencing. The final four isolates were very similar to previously tested
isolates and were thus sequenced directly after purification and were later tested
physiologically and morphologically.
In general the isolates had the abilities to utilize a broad range of carbon compounds
aerobically (Table 2.1). A vast majority of the isolates were able to utilize nitrate (26 out of
32, 81%) and were not capable of fermentation (29 out of 32, 91%). Isolate Y3A isolated
from apples was only able to utilize three out of the nine carbon sources tested. Of the
environments sampled apples found in Van Riper State Park in Champion, MI supplied the
greatest number of seemingly unique isolates (5) within the 32 isolates tested. Although these
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isolates all displayed distinct morphological characteristics (particularly in colony
morphology), four of them tested similar in the limited carbon and nitrogen utilization tests.
Apples picked from a small orchard in Minnesota supplied only two unique isolates. Both of
these isolates were distinct from those isolated from apples in Michigan.
A large portion of the isolates were capable of forming either pseudohyphae or true
hyphae (22 out of 32, 67%) when grown on PDA or malt extract agar (MEA). In many cases
the yeast life stage was very short and the isolate quickly switched to a filamentous growth
pattern (Y20 and Y27). These isolates typically formed both sediment at the bottom of the
tube consisting of yeast-like cells and a ring around the tube at the liquid-air interface
composed mainly of pseudohyphae and true hyphae. Sediment was typically white and
stayed that way over the life of the culture. Hyphae were typically dark in color but were
occasionally clear to white.
Isolates Y5, Y13, Y20, Y25, Y27, Y28, and Y31 all started as white or opaque yeast
colonies and typically turned into melanized rigid colonies with black or clear mycelial
protrusions (Figure 2.1). Of these Y5, Y13, Y28, and Y31 were very similar and changed
from a yeast growth form to a mycelial growth form in 3-20 days depending on both
substrate and colony concentration. In the densest areas of a PDA streak plate the colonies
turned to a melanized mycelial form within five days. In the least dense areas of the streak
plate the colonies took about 10 days to turn to a mycelial growth form and become
melanized. On MEA this change was accelerated with the change taking less than three and
less than five days respectively. The isolates were found to produce lighter colored colonies
on MEA. Isolate Y20 was extremely fast in changing and took only 2-5 days of growth to
switch forms. Isolate Y2 occasionally showed a small amount of melanization.
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The production of a red diffusing chemical in the culture of Y17A was noted (Figure
2.2). This pigment was bright red in color and diffused up to 2 cm away from the producing
colony. This pigment was only produced when a contaminant was present. It also appeared
that this same strain showed antimicrobial activity against Y17B and Y17C. These three
strains were originally isolated in a mixed state from crabapple fruit. When mixed, the red
diffusing chemical was present and no hyphae were present. Once separated both Y17B and
Y17C displayed mycelial growth and Y17A ceased producing the red pigment. Y17A never
produced hyphae.

Figure 2.1: Colony of Y13 and Y20 on PDA as seen under a dissecting scope. After five days
showing mostly clear mycelial growth emanating from a yeast colony center (Left).
Colonies of Y20 on PDA after 7 days showing black hyphae emanating from an
opaque yeast colony center (Right).
Isolate Y20 displayed some unique morphology among the isolates studied. This
isolate produced a large amount of thick walled pseudohyphae (Figure 2.3). These
pseudohyphae tapered and turned into true hyphae (Figure 2.4). This isolate also appeared to
produce meristematic cell packages, especially when grown in liquid culture medium (Figure
2.5).
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Figure 2.2: Red diffusing chemical produced by isolate Y17A as seen under a dissecting
scope. This red chemical is produced when the isolate is mixed with Y17B or Y17C.

Figure 2.3: Photo micrograph of Y20 showing thick walled pseudohyphae as seen at 400X.
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Figure 2.4: Photo micrograph of Y20 showing transition from yeast colony (lower right) to
pseudohyphae (middle) to true hyphae (upper left) as seen at 400X.

Figure 2.5: Photo micrograph of Y20 grown in liquid medium. The cells, seen at 1000X,
form clusters which are produced by a specific type of division (isodiametric).
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DISCUSSION
Unfortunately no final species identifications can be made from the phenotypic tests
because of the problems discussed previously with this approach. Other more generalized
information can be gleaned from the data including general taxonomy information. Isolates
Y3A, Y12, Y18, Y22, and Y35 all appear to belong to the phylum basidiomycota based on
placement using keys. Y3A, Y12, and Y18 appear to belong to one or more of the following
genera: Cryptococcus, Cystofilobasidium, Rhodosporidium, Rhodotorula based on coloration and
placement using keys. Isolates Y22 and Y35 appear to belong to the genus Cryptococcus based
on placement using keys (Barnett et al. 2000; Yarrow 1998). Isolates Y5, Y13, Y20, Y25,
Y27, Y28, Y31, and Y33 belong to one of the many similar groups commonly called
dematiaceous fungi or black yeasts (Sterflinger 2006).
Isolates Y1, Y2, Y3B, Y8, Y14, Y17B, Y17C, Y19, Y23, Y26, Y30, and Y34 all were
very similar in their physiological test results. These isolates all displayed pink, red or white
colony coloration and sometimes displayed melanized colonies. They were capable of
utilizing maltose, cellobiose, raffinose, sucrose, erythritol, inositol, melibiose and nitrate
aerobically. These isolates were incapable of fermentation and all produced pink, red, black
or white hyphae. Based on these results it was assumed that these isolates are all closely
related and possibly in the same genus or possibly even diverse isolates of the same species.
This physiological phenotype was found on every fruit sampled. Although this physiological
profile was very common it was not immediately apparent to what group these isolates may
belong.
The red diffusing pigment as well as the antimicrobial properties of isolate Y17A has
been described previously by other researchers. In species of the genus Metschnikowia a red
diffusing pigment has been described that has an antimicrobial effect against filamentous
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fungi and bacteria (Sipiczki 2006). This could be useful for a biocontrol agent against
pathogens of fruit or vegetable crops. There is also the possibility that the antimicrobial
chemicals released by this and similar isolates could be useful as a human antifungal
medicine.
The general pattern of broad utilization abilities has been noted previously in yeast
isolates taken from plants (Fonseca and Inácio 2006). This general trend may be found
because the variability and diversity of the phylloplane environment offers a variety of
carbon compounds at differing availabilities. If a species is to be a more successful generalist
it would be expected to be able to utilize a wide variety of the available compounds.
This section of the research revealed a wide variety of yeast and yeast-like fungi
associated with different environments from the Upper Midwest. One similar physiological
phenotype was found to occur on all fruits sampled. This most likely means that one taxon is
represented on all the fruits sampled, whether it is a single genus or a single species is
unknown without the sequence data. The environments sampled supported yeast-like fungi
that were basidiomycetes and the ascomycetes.
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CHAPTER 3
SEQUENCING OF rDNA GENES FROM YEAST ISOLATES FOR
SPECIES IDENTIFICATION
ABSTRACT
Comparison of sequences from the D1/D2 regions of the large subunit (LSU)
rDNA in combination with phenotypic data has become the accepted way to identify fungal
species. The D1/D2 regions of the LSU were sequenced in a total of thirty-two yeast-like
isolates and ten were also sequenced in the ITS1, ITS2 and 5.8S regions of the rDNA.
BLAST results of the sequences generated showed a total of 14 species belonging to the
Basidiomycota and Ascomycota phyla. The dimorphic fungus Aureobasidium pullulans was
found on all the fruit sampled and showed large sequence diversity. Four isolates were found
that did not closely match any sequence from a described species. Three of the isolates are
distinct from previously described species and appear to belong to a new species within a
new genus in a group of black fungi in the phylum Ascomycota, order Dothideales. One of
the isolates belongs to a new species belonging to the phylum Basidiomycota, class
Tremellomycetes, and order Tremellales.

INTRODUCTION
Phenotypic data can be extremely useful in identifying microbial species, but in many
cases, using it as a sole means of identification leads to inaccurate species identifications. As
well as being relatively inaccurate it can be time consuming, especially when generating
complete phenotypic data or when many isolates are being tested. Molecular techniques have
allowed for the rapid identification of species with the advantage of being highly accurate.
One of the most powerful techniques for species identification is DNA sequencing. It has
been described that sequencing of the D1/D2 regions of the large subunit (LSU) rDNA is
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sufficient to identify most yeast species (Kurtzman 2006). In some cases, sequencing of the
internal transcribed spacer 1(ITS1), internal transcribed spacer 2 (ITS2) and 5.8S regions
(Figure 1.4) also assisted in further identification especially in genera where rapid speciation
has taken place. When coupled with phylogenetic analysis, sequencing of these genes also
has the advantage of being able to quickly find, taxonomically place, and describe new
species (Kurtzman 2006; Kurtzman and Robnett 1998; Lindsley et al. 2001). In this section
of the study, the D1/D2 regions of the LSU rDNA from fungal isolates that displayed yeastlike lifestyles isolated from the fruit of various plants around the Upper Midwest, soil,
compost, and from an orchid leaf were sequenced. Some of the isolates were also sequenced
in the ITS1, ITS2, and 5.8S regions for further supporting data.

MATERIALS AND METHODS
DNA Isolation and Storage
DNA was isolated from the yeast isolates using PrepMan® Ultra Sample Preparation
Reagent from Applied Biosystems. The DNA was isolated and purified using the broth
culture procedure supplied with the kit. The purified DNA was divided into a working stock
tube with 75 µL that was refrigerated until used and the rest was frozen at -20 °C and -80 °C
in 1:10 and 1:100 dilutions until needed.

PCR Equipment and Conditions
Large Subunit rDNA: The D1/D2 regions of the large subunit rDNA were
symmetrically amplified using the universal fungal forward primer NL-1 (5’ – GCA TAT
CAA TAA GCG GAG GAA AAG – 3’) and reverse NL-4 (5’ – GGT CCG TGT TTC
AAG ACG G – 3’) (O’Donnell 1993). This amplifies a sequence 550-700 bp in length which
includes the D1/D2 region of the LSU rDNA.
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HS-Taq (hot - start) 2X Master Mix (Midwest Scientific) was used for all PCR
reactions. The 50 µL PCR reactions began with an initial hot start activation step at 95 °C
for 15 min followed by 36 cycles of: annealing at 52 °C for 30 sec, extension at 72 °C for 2
min, and denaturation at 94 °C for 1 min. The final extension step was at 72 °C for 5 min.
The resulting amplicons were visualized by electrophoresis in 0.7% agarose gel with
ethidium bromide in 1X TBE buffer at 80 volts for 35 minutes. A positive control
(Rhodotorula mucilaginosa) and a negative control (nuclease free water) were included in the
PCR amplifications and the sequencing.
ITS1, 5.8S, and ITS2 rDNA: The ITS1, 5.8S and ITS2 regions of the rDNA were
symmetrically amplified using the universal fungal forward primer ITS1 (5’ –TCC GTA
GGT GAA CCT GCG G – 3’) and reverse ITS4 (5’ – TCC TCC GCT TAT TGA TAT GC
– 3’) (White et al. 1990). This amplifies a sequence 300-1000 bp in length.
The 50 µL PCR reactions began with an initial hot start activation step at 95 °C for
15 min followed by 30 cycles of: annealing at 60 °C for 1 min, extension at 72 °C for 1.5
min, and denaturation at 94 °C for 1 min. The final extension step was at 72 °C for 5 min.
The resulting amplicons were visualized by electrophoresis in 0.7% agarose gel with
ethidium bromide in 1X TBE buffer at 80 volts for 45 min.

Sequencing Reactions and Sequencing
The appropriate length band was cut out with a clean scalpel and the DNA extracted
and cleaned using QIAquick® Gel Extraction Kit (Qiagen). The ~50 µL cleaned PCR
product was dried down to 20 µL in a rotary evaporator.
All sequencing reactions used BigDye® Terminator v3.1 Cycle Sequencing Kit
available from Applied Biosystems. Sequencing reactions for the D1/D2 region were
conducted using the forward primer NL-1 (5’ – GCA TAT CAA TAA GCG GAG GAA
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AAG – 3’) and reverse NL-4 (5’ – GGT CCG TGT TTC AAG ACG G – 3’). Single
stranded sequencing reactions were done with each primer for each isolate. Sequencing
reactions for the ITS regions 1 and 2 and 5.8S were conducted only if the sequences from
the D1/D2 regions did not yield a close species match, a comparison was needed or it was
found that the species was from a genus that had been described as needing ITS sequences
to identify. When needed, the sequencing of the ITS regions used the universal forward
fungal primer ITS1 (5’ – TCC GTA GGT GAA CCT GCG G – 3’) and reverse ITS4 (5’ –
TCC TCC GCT TAT TGA TAT GC – 3’). Sequencing reactions consisted of 2 µL forward
or reverse primer, 2 µL BigDye®, 2 µL 1X sequencing buffer, and 5 µL DNA template from
cleaned PCR products. After the reactions were complete, 25 µL nuclease free distilled water
was added to the reaction products. Excess primers and nucleotides were cleaned from the
reaction products using CentriSep® columns with Sephadex® reagent (Princeton
Separations). The cleaned reaction products were dried down completely overnight in a
rotary evaporator and resuspended in 20 µL deionized formamide. Both strands were
sequenced on an ABI Prism 3100-Avant Genetic Analyzer.

Sequence Analysis
The sequences were reconciled using Sequence Navigator (Applied Biosystems). The
two sequenced strands were aligned and all base pairs in the sequences were reconciled
between the two strands using chromatograms visualized in Sequence Navigator. Similar
sequences from multiple isolates were then aligned to further check for sequencing read
errors. Capillary tubes used in sequencing were not long enough to sequence the entire ITS1ITS4 amplicon. This resulted in sections of the sequences having only single strand reads. In
that case the 5’ overhangs were trimmed off so only portions where double stranded
sequences were available were used in subsequent analyses.
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The sequence data were then compared to the sequences of known species using
BLAST searches in GenBank (Information 2008). Matched sequences with more than 99%
similarity were considered to be the same species. If no near match could be found in
GenBank or in other published libraries, the sequence was then compared to the most
closely related species sequences by doing phylogenetic analysis.
Phylogenetic Analysis: A general broad phylogenetic analysis was conducted with
all isolates and related taxa to give a general overview of the relatedness of the isolates and
the environments they came from. In the case of a sequence that did not closely match any
within the databases, the sequences of closely related species were downloaded as well as
related species known to be outside the selected group (for outgroups). Sequences were
aligned in Bioedit using the Clustal W package (Thompson et al. 1994) using the default
multiple alignment parameters (gap opening penalty = 10, gap extension penalty = 5, delay
divergent sequences = 40%). Nucleotides that were not T, A, G, C were replaced with a N,
which stands for unknown. Only sequences that overlap were used in the subsequent
analyses. Analyses were conducted using PAUP* version 4.0b10 (Swofford 2002). All
characters were unordered and equally weighted. There were a total of five possible character
states; four nucleotides, and one for gaps (-). Gaps and unknowns (N) were treated as
missing data in the analysis. The most parsimonious trees were obtained by a heuristic search
with 5000 random stepwise taxon addition replicates. Jackknife resampling (10,000 jackknife
replicates with 1000 nreps) was used to estimate clade robustness in PAUP*. Decay values
(Bremer support) were generated using PRAP (Müller 2004). Neighbor-joining analyses were
done in many cases and were also done using PAUP*. Neighbor-joining trees were given
support values using the neighbor-joining jackknife function with 10,000 replications.
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RESULTS
Large Subunit rDNA
PCR Results: The primer pair NL1-NL4 was found to yield excellent amplification
for all isolates (Fig. 3.1) whereas the primer pair LR1-LR6 failed to amplify nearly all of the
isolates even after many annealing temperature adjustments and template DNA dilutions.
The primer pair NL1-NL4 was therefore utilized for the amplifications of the D1/D2
regions of the LSU rDNA. In the case of isolates Y9, Y10, Y15, and Y25 the DNA was
diluted 1:100 with nuclease-free distilled water to achieve better amplification. Gel
electrophoresis showed the resulting amplicons to be approximately 600 bp in length (Fig.
3.1).

Figure 3.1: Sample gel image generated from amplification of the D1/D2 regions of the LSU
rDNA. Lanes left column from bottom: Y1, Y2, Y3A, Y3B, Y4, and Y5. Lanes right
column from bottom: Y8, Y9, Y10, Y12, Negative Control (No DNA template), and
ladder.
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Sequencing Results: All the amplicons were successfully cut from the gels, cleaned,
and sequencing reactions were conducted. Sequence lengths ranged from 499 bases to 600
bases (Table 3.1). Similar sequences were found in the GenBank database using the BLAST
function and the results are summarized in Table 3.2. At least thirteen species were identified
from the LSU sequences. The BLAST result from the sequence from the positive control
was found to be an exact match for the species used, Rhodotorula mucilaginosa. The BLAST
results of fifteen samples indicated they belonged to the same species (Aureobasidium pullulans
which has a teleomorph connection to the genus Discosphaerina and Discosphaerina fagi)
(Hambleton et al. 1995). There was significant diversity in the sequences found to belong to
this species. The sequences found to be most similar to A. pullulans varied by as much as 12
bases (2.1%) from each other.
In most cases the BLAST searches resulted in good single species matches with a
second sequence from the same species being tied for the best match or in some cases an
anamorph and its teleomorph species. In at least three cases the BLAST searches resulted in
more than one top species match per sequence. In the case of isolate Y9 there were matches
that only differed by one base to both Rhodotorula phylloplana and Rhodotorula hinnulea. The
LSU sequence of Y25 was similar to both Phialophora repens and Phaeoacremonium angustius and
the similarity was only one base greater in the case of Phialophora repens. In the case of isolate
Y10 there were two exact matches, one with Candida sake and one with Candida austromarina
but this is understandable since these are taxonomic synonyms. C. austromarina is now
considered to be part of C. sake. Isolate Y35 was equally similar to both Cryptococcus carnescens
and Cryptococcus victoriae.
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Table 3.1: Sequence Lengths
LSU
ITS
Sequence Sequence
Isolate
Length
Length
Y1
572
*
Y2
571
552
Y3A
598
*
Y3B
573
*
Y4
578
*
Y5
572
565
Y8
571
*
Y9
600
*
Y10
562
*
Y12
571
581
Y13
572
564
Y14
570
*
Y16
500
*
Y17A
499
384
Y17B
571
*
Y17C
571
*
Y18
596
*
Y19
572
*
Y20
572
*
Y22
599
*
Y23
573
*
Y25
559
*
Y26
574
*
Y27
570
656
Y28
573
559
Y29
572
552
Y30
572
*
Y31
570
*
Y32
572
*
Y34
572
*
Y35
596
495
Y37
571
556
* = Only selected isolates had their ITS and 5.8S regions sequenced.

At least four isolates seemed to belong to two previously undescribed species.
Sequences from isolates Y5 and Y13 were found to match each other and the sequence from
Y28 varied from those two isolates by one base. The LSU sequences of those three isolates
(Y5, Y13, and Y28) were all most similar to Sydowia polyspora according to BLAST results but
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differed from the sequences of S. polyspora by at least 13 base differences (2.3%) in the case
of Y5 and Y13 and 14 base differences (2.5 %) in the case of isolate Y28. The LSU sequence
from isolate Y35 was most closely matched to sequences from Cryptococcus carnescens and
Cryptococcus victoriae but differed from each of them by 10 base differences (1.7%).
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Similarities

Best Match Species Name
Aureobasidium pullulans
Discosphaerina fagi
Aureobasidium pullulans
Discosphaerina fagi
Rhodotorula pinicola
Rhodotorula pinicola
Aureobasidium pullulans
Discosphaerina fagi
Cryptococcus albidus
Cryptococcus albidus
Sydowia polyspora
Delphinella strobiligena
Aureobasidium pullulans
Discosphaerina fagi
Rhodotorula phylloplana
Rhodotorula hinnulea
Candida sake
Candida austromarina
Rhodosporidium toruloides
Rhodosporidium toruloides
Sydowia polyspora
Delphinella strobiligena
Aureobasidium pullulans
Aureobasidium pullulans
Metschnikowia chrysoperlae
Metschnikowia chrysoperlae

Identity %

Best Match
Gene Bank
Isolate Accession
Y1
EF690465.1
AY016359.1
Y2
EF690465.1
AY016359.1
Y3A
AY158652.1
AF444293.1
Y3B
EF690465.1
AY016359.1
Y4
AF335982.1
AF181538.1
Y5
AY544675.1
AY016358.1
Y8
EF690465.1
AY016359.1
Y9
AM748546.1
DQ832196.1
Y10
DQ377640.1
U62310.1
Y12
AY731804.1
AY731802.1
Y13
AY544675.1
AY544675.1
Y14
EF375702.1
AB304735.1
Y16
AY452049.1
DQ655693.1

Coverage %

Table 3.2: Summary of LSU rDNA BLAST Results

99
99
99
99
100
100
100
100
100
100
100
100
100
100
100
98
100
100
100
100
100
100
100
100
100
98

99
99
100
100
100
100
99
99
99
99
97
97
100
100
99
99
100
100
99
98
97
97
99
99
99
99

570/571
570/571
568/568
568/568
598/598
598/598
570/573
570/573
578/579
578/579
561/574
557/574
571/571
571/571
599/600
590/591
562/562
562/562
570/574
568/574
561/574
557/574
569/570
566/570
497/500
490/491

Y17A
Y17B
Y17C
Y18
Y19
Y20
Y22
Y23
Y25
Y26
Y27
Y28
Y29
Y30
Y31
Y32
Y34
Y35
Y37
+Cont

DQ655693.1
AY452049.1
EF690465.1
EF558370.1
EF690465.1
EF558370.1
DQ645523.1
AY158643.1
EF690465.1
AY016359.1
DQ678058.1
AY016358.1
AM748532.1
DQ377665.1
EF690465.1
AY016359.1
AB100623.1
AB278178.1
EF690465.1
AY016359.1
DQ470984.1
DQ247802.1
AY544675.1
AY544675.1
EF375702.1
AB304735.1
EF690465.1
AY016359.1
DQ678058.1
AY016358.1
EF690465.1
AY016359.1
EF690465.1
AY016359.1
EU194464.1
EU194455.1
EF375702.1
AB304735.1
EF643571.1
AB304770.1

Metschnikowia chrysoperlae
Metschnikowia chrysoperlae
Aureobasidium pullulans
Aureobasidium pullulans
Aureobasidium pullulans
Aureobasidium pullulans
Cystofilobasidium infirmo-miniatum
Cystofilobasidium infirmo-miniatum
Aureobasidium pullulans
Discosphaerina fagi
Sydowia polyspora
Delphinella strobiligena
Cryptococcus wieringae
Cryptococcus wieringae
Aureobasidium pullulans
Discosphaerina fagi
Phialophora repens
Phaeoacremonium angustius
Aureobasidium pullulans
Discosphaerina fagi
Dothiora cannabinae
Dothidea insculpta
Sydowia polyspora
Delphinella strobiligena
Aureobasidium pullulans
Aureobasidium pullulans
Aureobasidium pullulans
Discosphaerina fagi
Sydowia polyspora
Delphinella strobiligena
Aureobasidium pullulans
Discosphaerina fagi
Aureobasidium pullulans
Discosphaerina fagi
Cryptococcus carnescens
Cryptococcus victoriae
Aureobasidium pullulans
Aureobasidium pullulans
Rhodotorula mucilaginosa
Rhodotorula mucilaginosa
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98
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
97
97
100
100
99
99
100
100
99
99
99
99
100
100
100
100
100
100
100
100

100
99
100
100
100
100
100
100
99
99
100
99
99
99
99
99
99
99
99
99
99
97
97
96
98
98
99
99
99
99
99
99
99
99
98
98
99
98
100
100

490/490
497/500
571/571
571/571
571/571
571/571
596/596
596/596
571/572
571/572
572/572
571/572
599/600
599/600
571/573
571/573
556/559
555/559
571/574
571/574
555/557
547/560
561/575
557/575
565/572
562/572
571/572
571/572
566/569
565/569
567/569
567/569
571/572
571/572
588/598
587/597
570/571
566/572
570/570
570/570

ITS1, 5.8S, and ITS2 rDNA
PCR Results: The results of the sequencing of the LSU showed a need to also
sequence the ITS1, 5.8S, and ITS2 sections of the rDNA of some of the isolates. The
amplifications of the ITS1, 5.8S, and ITS2 regions were only attempted on thirteen isolates
for various reasons. Isolate Y9 and Y35 were equally similar to two species each in their
LSU sequences. The LSU sequences of Y5, Y13 and Y28 showed a large degree of
dissimilarity from the most similar sequences found. Isolate Y10 was originally seen as
matching two species until it was discovered that those two species are now considered the
same species. Isolate Y12 showed a relatively large degree of dissimilarity from the closest
matching sequence with four differences. Isolate Y17A showed a mix of species matches in
the top ten most similar, unlike most other isolates which only had one or two species. The
sequence from isolate Y25 was similar to the sequences from two species which only
differed by one similarity. The LSU sequence of Y27 had a relatively low coverage to the
most similar sequence found. The best matching sequence found only covered 97% of the
sequence generated. Finally the number of sequences which closely matched sequences from
A. pullulans but still showed a large amount variation validated further sequencing. Successful
amplification was achieved in all but three isolates. In the successful amplifications, resulting
amplicons were found to range from ~400 bp to ~900 bp with all but Y17A being close to
900 bp.
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Figure 3.2: Sample gel image generated from the amplification of the ITS1, 5.8S and ITS2
regions of the rRNA. Lanes left column from bottom: Y2, Y9 (failed to amplify),
Y12, Y13, Y25 (failed to amplify), and Y27. Lanes right column from bottom Y28,
Y29, Y35, Y37, ladder and empty lane.
Sequencing Results: The successfully amplified sections were cut from the gels,
cleaned and sequencing reactions were conducted. In all but Y17A the amplicons were too
long to be completely sequenced on the capillary array being used so only the sections that
overlapped were used. Exact useable sequence lengths ranged from 384 to 656 bases (Table
3.1). When the resulting sequences were entered into a BLAST search there was a distinct
difference from the LSU results (Table 3.3). Sequences from isolates Y5, Y13 and Y28 were
found to most closely match sequences from Scleroconidioma sphagnicola with 21 base
differences (3.7%) in the case of Y5 and Y13 and 20 base differences (3.6%) in the case of
Y28. Sequences from isolate Y35 still most closely matched Cryptococcus carnescens with nine
differences (1.8 %) but the second closest match was with Cryptococcus tephrensis with 18
differences (3.6 %). The best BLAST results of Y17A and Y27 had fairly low coverage with
only 93 % and 67 % coverage respectively. The sequence from Y17A now most closely
matched a different species, Metschnikowia pulcherrima. The sequence from Y27 also was most
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similar to a different species than the LSU sequence was, Hormonema prunorum. One of the
more bizarre results was the appearance of Zea mays (corn) as the second best match for
isolate Y29.

51

Similarities

Best Match Species Name
Aureobasidium pullulans
Aureobasidium pullulans
Scleroconidioma sphagnicola
Rhizosphaera kalkhoffii
Rhodosporidium toruloides
Rhodosporidium toruloides
Scleroconidioma sphagnicola
Rhizosphaera kalkhoffii
Metschnikowia pulcherrima
Metschnikowia pulcherrima
Hormonema prunorum
Hormonema prunorum
Scleroconidioma sphagnicola
Rhizosphaera kalkhoffii
Aureobasidium pullulans
Zea mays
Cryptococcus carnescens
Cryptococcus tephrensis
Aureobasidium pullulans
Aureobasidium pullulans

Identity %

Best Match
Gene Bank
Isolate Accession
Y2
EF690466.1
DQ534409.1
Y5
DQ182416.1
AY183366.1
Y12
AB073266.1
AB073265.1
Y13
DQ182416.1
AY183366.1
Y17A
EF449524.1
AY301026.1
Y27
AJ244248.1
AY616213.1
Y28
DQ182416.1
AY183366.1
Y29
DQ640766.1
DQ683012.1
Y35
AB105438.1
DQ000318.1
Y37
DQ640766.1
AY225166.1

Coverage %

Table 3.3: Summary of ITS1, 5.8S and ITS2 rDNA BLAST Results

100
100
99
99
98
97
100
100
93
99
67
67
100
100
100
100
98
100
100
100

100
100
96
95
97
97
96
95
97
94
98
98
96
95
99
98
98
96
98
98

554/554
554/554
544/565
540/566
563/577
555/569
545/565
541/566
352/361
368/389
512/519
509/517
540/560
536/561
550/552
546/554
481/490
478/496
550/557
548/558

Phylogenetic Analysis
All Isolates: The large evolutionary separation of the isolates made a single
phylogenetic analysis difficult. Thus, instead of doing an analysis with all isolates, two
analyses were done, one for the ascomycete isolates (Figure 3.4) and one for the
basidiomycete isolates (Figure 3.5).
A large number of the isolates were very closely related and likely belong to the same
species (Aureobasidium pullulans). Many of these isolates shared the exact same LSU sequence.
In two cases, isolates that were originally cultured as a single isolate but were later separated
due to slight differences (denoted by A, B, C after isolate number) were found to be quite
distantly related. Isolate Y3A was found to be a basidiomycete and Y3B an ascomycete.
Isolate Y17A was quite distantly related to Y17B and Y17C.
The broad ascomycete (Figure 3.4) and basidiomycete (Figure 3.5) phylogenetic
analyses showed the diversity of the species isolated. The majority of the isolates (25) were
ascomycetes, but seven isolates were found to be basidiomycetes. The isolates were found to
belong to various yeast and yeast-like groups distributed widely across the two phyla.

Figure 3.3: Legend for icons found in Figures 3.4 and 3.5 that represent the various isolate
environments.
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Figure 3.4: The phylogenetic placement of all isolates collected that were Ascomycetes. The
tree was generated using the LSU (D1/D2) data matrix and a maximum parsimony
analysis. The environments that the isolates are from can be discerned using the
legend (Figure 3.3) with corresponding icons placed to the right of each isolate in the
figure. Above each node are jackknife values above 50% corresponding to that node.
Below each node are Bremer support (decay index) values corresponding to that
node. The analysis was rooted using Schizosaccharomyces pombe and Rhodotorula
mucilaginosa (Shown in bold on figure). GenBank accession numbers are shown after
species that were added to the analysis.
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Figure 3.5: The phylogenetic placement of all isolates collected that were Basidiomycetes.
The tree was generated using the LSU (D1/D2) data matrix and a maximum
parsimony analysis. The environments that the isolates are from can be discerned
using the legend (Figure 3.3) with corresponding icons placed to the right of each
isolate in the figure. Above each node are jackknife values above 50% corresponding
to that node. Below each node are Bremer support (decay index) values
corresponding to that node. The analysis was rooted using Saccharomyces cerevisiae
(Shown in bold on figure). GenBank accession numbers are shown after species that
were added to the analysis.
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Isolates Y5, Y13 and Y28: The LSU and ITS (ITS, 5.8S, and ITS2) sequences of Y5
and Y13 were identical. The sequences from Y28 only differed by a single base difference in
each sequence. The differences were found to be near the ends of the sequences where
sequencing is more prone to errors. Therefore the phylogenetic analyses of the three isolates
were treated as one taxon and the sequences for Y5/Y13 were used. A phylogenetic analysis
of the LSU sequences from Y5, Y13 and Y28 using parsimony criteria resulted in the tree
shown in Figure 3.6. All three isolates were shown in this tree to be sister to both
Rhizosphaera pini and Delphinella strobiligena with a jackknife support of 51% and a Bremer
support of two. Closely related currently accepted species were shown in the same analysis to
have less than 50% jackknife support.
A phylogenetic analysis of the ITS, 5.8S, and ITS2 sequence from Y5, Y13 and Y28
using parsimony criteria resulted in the tree shown in Figure 3.7. In this tree the three
isolates were shown to be sister to a group which included one group of four Rhizosphaera
species being sister to two isolates of Scleroconidioma sphagnicola. The two isolates of S.
sphagnicola are united by a jackknife value of 88% and a Bremer support of three. The four
Rhizosphaera species are united in a polytomy by a jackknife value of 74% and a Bremer
support of three. Those two groups are shown to be sister to each other with a jackknife
value of 53% and a Bremer support of two. Finally isolates Y5, Y13, and Y28 were shown to
be sister to all six with a jackknife value of 63% and a Bremer support of two.

55

Figure 3.6: Phylogenetic placement of isolates Y5, Y13 and Y28 using LSU data. This figure
is a strict consensus tree of four equally parsimonious trees (180 steps) resulting from
a maximum-parsimony analysis of the LSU (D1/D2) data matrix (894 characters, 60
parsimony informative characters) using the heuristic search algorithm of PAUP*
4.0b10. Above each node are jackknife values above 50% corresponding to that
node. Below each node are Bremer support (decay index) values corresponding to
that node. The analysis was rooted using Phaeotheca triangularis and Phaeocryptopus
gaeumannii (Shown in bold on figure). GenBank accession numbers are shown after
each species name.
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Figure 3.7: Phylogenetic placement of isolates Y5, Y13 and Y28 using ITS data. This figure is
a strict consensus tree of six equally parsimonious trees (301 steps) resulting from a
maximum-parsimony analysis of the ITS (Including ITS1, 5.8S and ITS2) data matrix
(475 characters, 114 parsimony informative characters) using the heuristic search
algorithm of PAUP* 4.0b10. Above each node are jackknife values above 50%
corresponding to that node. Below each node are Bremer support (decay index)
values corresponding to that node. The analysis was rooted using Phaeotheca
triangularis and Phaeocryptopus gaeumannii (Shown in bold on figure). GenBank
accession numbers are shown after each species name.
The neighbor-joining tree generated from the LSU data set (Figure 3.8) resulted in a
tree similar to that generated using parsimony analysis but it differed in a few ways. One of
the most relevant changes was that, in the distance tree, the three isolates were shown to be
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sister to a group which included R. macrospore, Phaeocryptopus nudus, S. polyspora, R. oudemansii,
R. kalkhoffii, and Plowrightia abietis. The species R. pini and D. strobiligena were then shown to
be sister to the group which included the three isolates and the aforementioned species.

Figure 3.8: Neighbor-joining tree of isolates Y5, Y13 and Y28. This tree (Distance score
0.238) was created from analyzing LSU (D1/D2) data using distance criteria and the
heuristic search algorithm of PAUP* 4.0b10 showing the phylogenetic placement of
isolates Y5, Y13 and Y28. Above each node are neighbor-joining jackknife values
above 50% corresponding to that node. Nodes without support values had less than
50% jackknife support. The analysis was rooted using Phaeotheca triangularis and
Phaeocryptopus gaeumannii (Shown in bold on figure). GenBank accession numbers are
shown after each species name.
The neighbor-joining tree generated using the ITS, 5.8S, and ITS2 data set (tree not
shown) was nearly identical to that shown for maximum parsimony analysis except that in
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nearly all cases distance jackknife values were at least 10% greater than the jackknife values
noted from the maximum parsimony analysis.
Isolate Y35: A maximum parsimony analysis of the LSU data matrix for isolate Y35
resulted in the tree shown in Figure 3.9. A large number of taxa were included in an attempt
to properly place this isolate in this typically problematic group. A number of the nodes
collapsed during subsequent jackknife analysis and are indicated on the figure by a lack of
support values. In this analysis Y35 grouped in a polytomy with Cryptococcus victoriae,
Cryptococcus tephrensis, Cryptococcus foliicola, and a sister grouping of Cryptococcus carnescens and
Cryptococcus laurentii. This polytomy was united with a jackknife value of 98% and a Bremer
support of 13.
The maximum parsimony analysis which included the ITS, 5.8S and ITS2 genes of
Y35 used far fewer taxa than the LSU analysis because the position was refined using the
LSU analysis and because these genes could only be properly aligned when only close
relatives were included. The tree generated in this analysis can be seen in Figure 3.10. In this
tree isolate Y35 is shown to be sister to both C. victoriae and C. carnescens (58% jackknife, 1
Bremer) but fell into a polytomy with those species if the node uniting C. victoriae and C.
carnescens is collapsed due to less than 50% jackknife support. C. tephrensis is shown to be
sister to all three with a jackknife support of 99% and a Bremer support of 11.
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Figure 3.9: Phylogenetic placement of isolate Y35 using LSU data. This figure is a strict
consensus tree of 97 equally parsimonious trees (1121 steps) resulting from a
maximum-parsimony analysis of the LSU (D1/D2) data matrix (665 characters, 219
parsimony informative characters) using the heuristic search algorithm of PAUP*
4.0b10. Above each node are jackknife values above 50% corresponding to that
node. Below each node are Bremer support (decay index) values corresponding to
that node. Nodes without support values had less than 50% jackknife support. The
analysis was rooted using Holtermannia corniformis (Shown in bold on figure). GenBank
accession numbers are shown after each species name.
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Figure 3.10: Phylogenetic placement of isolate using ITS data. Y35 Single most parsimonious
tree (236 steps) resulting from a maximum-parsimony analysis of the ITS (Including
ITS1, 5.8S and ITS2) data matrix (560 characters, 129 parsimony informative
characters) using the heuristic search algorithm of PAUP* 4.0b10. Above each node
are jackknife values above 50% corresponding to that node. Below each node are
Bremer support (decay index) values corresponding to that node. The node indicated
with an asterisk (*) had a jackknife support value less than 50%. The analysis was
rooted using Bullera globispora and Cryptococcus dimennae (Shown in bold on figure).
GenBank accession numbers are shown after each species name.

61

Figure 3.11: Neighbor-joining tree of isolate Y35 based on LSU data. This tree (Distance
score 1.548) was created from analyzing LSU (D1/D2) data using distance criteria
and the heuristic search algorithm of PAUP* 4.0b10 showing the phylogenetic
placement of Y35. Above each node are neighbor-joining jackknife values above
50% corresponding to that node. Nodes without support values had less than 50%
jackknife support. The analysis was rooted using Holtermannia corniformis (Shown in
bold on figure). GenBank accession numbers are shown after each species name.
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The neighbor-joining tree resulting from the analysis of the LSU data (Figure 3.11)
showed isolate Y35 being sister to both C. tephrensis and C. carnescens (81% distance jackknife)
with C. tephrensis and C. carnescens being sister to each other (100% distance jackknife). C.
victoriae is shown to be sister to all three (61% distance jackknife).

Figure 3.12: Neighbor-joining tree of isolate Y35 based on ITS data. This tree (Distance
score 0.357) was created from analyzing ITS (Including ITS1, 5.8S and ITS2) data
using distance criteria and the heuristic search algorithm of PAUP* 4.0b10 showing
the phylogenetic placement of Y35. Above each node are neighbor-joining jackknife
values above 50% corresponding to that node. The analysis was rooted using Bullera
globispora and Cryptococcus dimennae (Shown in bold on figure). GenBank accession
numbers are shown after each species name.
A neighbor-joining analysis of the ITS, 5.8S and ITS2 genes resulted in the tree
shown in Figure 3.12. In this tree isolate Y35 is shown as being sister to C. tephrensis (69%
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distance jackknife). C. carnescens is shown as to be sister to both Y35 and C. tephrensis (97%
distance bootstap). C. victoriae is shown to be sister to all three (73% distance jackknife).

DISCUSSION
In many ways results of the sequencing and subsequent BLAST search were
unexpected. The number of isolates (15 out of 32 sequenced isolates, 47%) that were found
to be Aureobasidium pullulans (Teleomorph Discosphaerina fagi) was unpredicted. Upon
reviewing the literature on A. pullulans these results seemed to be rather standard. A. pullulans
had been reported to be nearly ubiquitous on a wide variety of plants including apples and
many other fruits. This is a dimorphic species which is not considered a yeast species at all
by many researchers but others have termed it a black yeast (Fonseca and Inácio 2006; Lee et
al. 1999; Sterflinger 2006). The sequences from isolates that BLAST searches indicated were
A. pullulans varied considerably in their LSU sequences. Most sequences from these isolates
closely matched sequences generated previously by other researchers and had a 99% or
greater base similarity. In isolate Y29 the closest LSU sequence match was only 98% (565
similarities out of 572). The three isolates that were sequenced in the ITS1, 5.8S and ITS2
region which had the closest matches as A. pullulans from a BLAST search also had high
base similarity. Two of the sequences had 99% (Y29) or 100% (Y2) base similarity, but the
final isolate (Y37) had a 98% (550 similarities out of 557) base similarity.
Isolate Y29 varied so considerably in the LSU that it could possibly be a new closely
related species or a previously unknown isolate of A. pullulans. It seems more likely that this
isolate just has not been sequenced previously in the LSU region because the sequence from
the ITS1, 5.8S and ITS2 regions had such high sequence similarity to a previously sequenced
isolate. Isolate Y37 likely represents a regional variation of A. pullulans because of its high
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LSU sequence similarity (99%, 570 similarities out of 571) but relatively low ITS1, 5.8S and
ITS2 sequence match (98%, 550 similarities out of 557) and other physiological/ecological
differences discussed in other chapters. In the phylogenetic analysis, Y14, Y29 and Y37 were
found to be basal to all other isolates that the BLAST searches identified as A. pullulans and
formed a distinct group (Figure 3.4). The large amount of variation and phylogenetic
grouping found within this species could eventually cause the species to be split into separate
species (Schoch et al. 2006). No pattern was found as to how these isolates grouped when
taking into account the plants from which they were isolated. Isolates that had sequences
most similar to A. pullulans were found on all fruit sampled.
In both of the phylogenetic analyses that included sequences from all basidiomycetes
or all ascomycetes, no grouping according to environment could be discerned. No groupings
can be seen which indicate that isolates from one type of environment such as apple fruit
share a recent common ancestor. This could result from various circumstances. Vectors that
move these fungal species may not be limited to visiting only one environment. For example
a vector which moves A. pullulans from one place to another may visit apples, grapes,
blueberries and others, which would result in the delivery of this species to all of these
environments and thus the subsequent isolation of a mixture of strains on each fruit. A
second reason for a lack of such groupings may be that the micro-niches available in each
environment vary and support a diversity of niche specific strains or species.
Four isolates were found to vary enough that they likely belong to species that have
not been previously sequenced. Isolates Y5, Y13, Y28 and Y35 all differed significantly
enough in their sequences from previously sequenced species to validate new species names
according to predictive criteria described by Kurtzman (2006). Using just a BLAST search
LSU sequences of Y5, Y13 and Y28 most closely matched those of Sydowia polyspora, but the
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sequences of Y5 and Y13 differed by 13 base differences (2.3 %) from the sequences of S.
polyspora and Y28 differed by 14 base differences (2.5 %) (Table 3.2). ITS, 5.8S, and ITS2
sequences from these same isolates most closely resembled sequences from Scleroconidioma
sphagnicola, but the sequences of Y5 and Y13 differed by 21 base differences (3.7 %) from the
sequences of S. sphagnicola and Y28 differed by 20 base differences (3.6 %) (Table 3.3).
Isolates Y5, Y13 and Y28 all likely belong to the same previously undescribed species and
likely a new genus. The LSU sequence of Y35 was most closely matched to sequences from
Cryptococcus carnescens and Cryptococcus victoriae, but the sequence differed by 10 base differences
(1.7 %) from each of those sequences (Table 3.2). The ITS, 5.8S, and ITS2 sequence from
Y35 was also most similar to C. carnescens, with nine base differences (1.8 %) but the second
closest match was with Cryptococcus tephrensis, with 18 differences (3.6 %) (Table 3.3).
The analyses of sequences from Y5, Y13, and Y28 firmly placed the isolates within
the Dothideales. This order includes many species associated with plants as biotrophs,
saprotrophs, and hemibiotrophs (Schoch et al. 2006). The trees generated in the ITS analyses
(Figure 3.7 and neighbor-joining tree not shown) are similar to those described by other
authors. The taxon which includes R. oudemansii, R. kalkhoffii, R. pini, R. macrospore, and the
two isolates of S. sphagnicola in the ITS parsimony tree was also generated in an analysis done
by Hambleton at el (1995) and by Tsuneda at el (2004). There were other similarities
between the trees generated for this work and the analyses done by these authors. The clade
containing Dothiora cannabinae, Dothiora europaea, Dothiora rhamni-alpinae and Hormonema
prunorum found in both the parsimony and distance ITS analyses was also found by these
authors. The close relationship of S. polyspora to the Dothiora species has been found in
analyses by other authors (de Hoog et al. 1999; Yurlova et al. 1999). Differences between the
trees generated and those found published by these authors can also be found. For example
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the placements of S. polyspora and closely related taxa vary (Hambleton et al. 1995; Tsuneda
et al. 2004).
The ITS analyses yielded far fewer polyphyletic genera than the LSU analyses. For
example the genus Rhizosphaera in the LSU trees generated (Figures 3.6 and 3.8) has its
members separated by species of other genera. The polyphyletic nature of this genus was
also found in an analysis done by Winton et al (2007). ITS analyses are especially common in
this group (Bills et al. 2004; de Hoog et al. 1999; Hambleton et al. 1995; Tsuneda et al. 2004).
Detailed LSU analyses of the members of the Dothideales which include most of the species
of interest are rare. Relatively broad LSU phylogenetic analyses which include this family are
relatively common (Batzer et al. 2005; Lutzoni et al. 1991; Winton et al. 2007). Many genera
were originally based on overall similarity which in many cases has proven inaccurate. Subtle
differences between species included in a genus were often not noticed. Phylogenetic
analyses seem to indicate that some genera within this family may be polyphyletic.
Members of Dothideales are difficult to deal with taxonomically and genera within
this family are difficult to delineate using genetic analysis. Much of the problem may reside
in out of date names, and anamorphic states. An example of this can be found in Sydowia
polyspora. This species is known by various names. As is indicated in the phylogenetic trees
containing this species (Figures 3.6, 3.7 and 3.8) one anamorphic state of this species is
known as Hormonema dematioidies. Other synonyms used for this species have included
Dothidea polyspora, Plowrightia polyspora, Pleodothis polyspora, Hariota polyspora, Rehmiellopsis
bohemica, Sydowia gregaria, and at least another 12 for the conidial state (CBS 2007).
Unfortunately many out of date names are used quite frequently. Sequences in GenBank are
frequently mislabeled with antiquated synonyms (Hawksworth 2004). Another problem with
this group is that a large number of species seem to be undiscovered or undescribed. The
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number of species in this group is likely to swell considerably as more are isolated and
described. When these factors are combined it becomes quite difficult to be accurate as to
whether a species belongs to a certain genus in a phylogenetic tree. All attempts were made
to use accurate names in this work but it’s likely that some names used are not the most
current.
Although these factors need to be taken into consideration, in every tree generated
isolates Y5, Y13 and Y28 were separate and distinct from all other taxa included in the
analyses. The isolates were not, in any analysis, united as sister with any other taxon nor in a
polytomy with any other taxa. The isolates were also not found to occur within a genus
which is not polyphyletic. In the LSU analyses the isolates were found to group within
Rhizosphaera and Phaeocryptopus. Both of these genera have been found to be polyphyletic and
thus biologically invalid (Winton et al. 2007). In the ITS tree generated by parsimony analysis
the isolates were found within Kabatiella, another assumed polyphyletic genus. Kabatiella lini
and Aureobasidium pullulans seem to be two names for the same organism that have not yet
been combined (Yurlova et al. 1999). This indicates that isolates Y5, Y13 and Y28 not only
belong to a species which has not been previously described, but also that the species
belongs to a genus that has not been previously described.
In all the trees generated isolate Y35 was found to be firmly within one section of
the genus Cryptococcus. Although the LSU sequence of Y35 was found to be quite different
from C. victoriae, C. tephrensis, C. foliicola, C. carnescens and C. laurentii the exact relationships of
these species to Y35 could not be determined by LSU parsimony analysis. The analysis of
the ITS regions gave a significantly better result but the exact relationship between the
isolate, C. victoriae and C. carnescens was still not firm due to the low support uniting C. victoriae
and C. carnescens (less than 50% jackknife support, Bremer support, 1). The distance trees
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showed that the isolate was again closely related to C. victoriae, C. tephrensis, C. foliicola, C.
carnescens and C. laurentii and due to the nature of the method (overall similarity) firm
relationships were shown. Two sequences found in Genbank carried the name C. laurentii
and were included in the LSU analyses. These two sequences were found to be in different
places on the phylogenetic trees and thus one is likely mislabeled in Genbank or was
misidentified. Trees generated by other authors indicate that the correct sequence for this
species has Genbank accession number AF075469 and that the sequence with Genbank
accession number AB035054 is likely mislabeled (Takashima et al. 2003; Thanh et al. 2006).
The genus Cryptococcus is a group originally formed to include essentially all nonfilamentous, non-sporulating (anamorphic) single celled fungi. The description of Cryptococcus
has been modified a number of times since to make it less inclusive (Benham 1956;
Kurtzman and Fell 2000). Even with these many modifications the genus is still polyphyletic
and spread over a large portion of Basidiomycota (Fell et al. 2000). This polyphyletic nature
makes this genus name artificial and at times a useless designation. Unfortunately the
polyphyletic nature of the name appears deeply rooted in yeast systematics. The nature of
the genus can be seen in the LSU trees generated in this work and many others (Fell et al.
2000; Thanh et al. 2006). Species are still frequently named within this genus (Lachance et al.
2003; Takashima et al. 2003; Thanh et al. 2006).
Sequencing and phylogenetic analysis of the LSU and ITS regions of the isolates
showed a varied, but lopsided disparity in apparent isolate identities. Of the 32 isolates
sequenced in the LSU region 25 (78%) were found to be ascomycetes with only 7 (22%)
being basidiomycetes. A total of 21 out of 32 (66%) isolates were shown to belong to the
order Dothideales with a large portion of those isolates’ (15 out of 21, 71%) LSU sequences
most closely matched to A. pullulans. A total of 42 sequences were generated of which 32
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(76%) differed by at least one base difference from the closest match species found in
Genbank. Detailed LSU and ITS parsimony and distance trees were generated for part of the
Dothideales as well as for portions of the phylum Basidiomycota, class Tremellomycetes.
Phylogenetic analysis showed that the isolates did not group within trees based on the
environment from which they were isolated. Isolates from a single environment did not
show a pattern of grouping together within the phylogenetic trees and were instead found to
be distantly related. Four isolates were found to differ enough from the closest sequence to
validate new species. Three of these isolates (Y5, Y13, and Y28) were nearly identical in LSU
and ITS sequences and belong to the order Dothideales. Phylogenetic analysis showed that
these isolates belong to a new species within a genus which has not been previously
described. One isolate (Y35) was found to belong within a group of Cryptococcus in the class
Tremellomycetes. Phylogenetic analysis of the LSU and ITS sequences from this isolate
showed that it was a new species closely related to C. victoriae and C. carnescens.
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CHAPTER 4
FINAL YEAST SPECIES DETERMINATIONS: COMBINING
PHENOTYPIC AND SEQUENCE DATA
ABSTRACT
Phenotypic data have historically led to inaccurate species descriptions and
identifications within yeast and yeast-like species. The combination of sequencing of rDNA
genes, phylogenetic analysis, and phenotypic data has led to a more accurate era in yeast and
yeast-like species identification and description. This chapter combines phenotypic, sequence
and phylogenetic data from isolates collected from fruit, compost, soil and the leaf of an
orchid. Thirty-two isolates were found from the 14 environments. A total of 14 species were
found of which two were previously undescribed. Two new species were found, one
belonging to the genus Cryptococcus the other belonging to a new genus. These species and the
new genus will be described in a subsequent paper.

INTRODUCTION
The combination of phenotypic and DNA sequence data for accurate species
identifications and descriptions is important for a few reasons. Species identifications and
descriptions based solely on phenotypic data are frequently inaccurate. In summary, when
based solely on phenotype, the plasticity of the traits measured, lack of enough
distinguishing traits and human experimentation error may result in inaccurate accounts.
Species descriptions based solely on sequence data lack information needed to put species in
an ecological context and therefore they are not as useful as a species description that
contains both phenotypic data and sequence data. Under certain circumstances it is possible
for the sequences from two isolates to match, but for those isolates to be extremely different
phenotypically, which sometimes justifies separate specific epithets. Errors can occur in both
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methods and the combined use of both methods insures that there is some double checking
for more accurate species descriptions and identifications.
As discussed in previous chapters many yeasts and yeast-like fungi display
pronounced dimorphic life cycles. A dimorphic species may grow in a filamentous or yeastlike form depending on a variety of variables including environmental factors and genetic
factors (Deacon 2006). Of particular importance in this study are groups termed black yeasts
or meristematic fungi. These species can form daughter cells by yeast-like polar or
multilateral budding and have melanized cell walls, which typically make the hyphae a dark
brown to black color. The species are also commonly dimorphic, but sometimes may only
display a yeast-like morph. Species belonging to black yeast groups, in many cases, have
never been tested with similar methods found in yeast identification procedures even though
many have a very evident yeast life phase or morph. Unfortunately, differentiating
morphological characteristics are also lacking or difficult to find even by experts in the group
(Sterflinger 2006). In this chapter the results of the sequencing and phenotypic testing are
combined and discussed to yield final species identifications.

MATERIALS AND METHODS
Phenotypic data
The phenotypic data were generated using the methods described in detail in chapter
2. In summary, aerobic carbon source utilization abilities, aerobic nitrogen utilization
abilities, fermentation abilities, and a variety of cell and colony characteristics were recorded
for each isolate using slight modifications of methods described in Kurtzman and Fell
(2000). Colony colors were all recorded from colonies growing on potato dextrose agar
(PDA) after five days of growth. Accepted phenotypic accounts for the species were taken
from Barnett et al. (2000), Centraalbureau voor Schimmelcultures Yeast Database and
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Filamentous Fungi Database (CBS 2007b), and species descriptions when necessary. The
sequence data and methods used to compare it to similar published sequences can be found
in chapter 3. Each isolate has been placed in a table with the closest matching species found.
In some cases the close match species found using a BLAST search varied in the amount of
the sequence that could be matched (coverage). In other words the total bases for any
particular sequence comparison may vary from another depending on the coverage. Actual
percent coverage can be found in chapter 3.

RESULTS
The following abbreviations are used in the tables to follow: “+” indicates growth or
presence of that character, “-” indicates no growth or absence of that character, “W”
indicates weak growth, “D” indicates delayed growth, “NS” indicates the sequence was not
generated in this study, N/A indicates when something is not applicable, and “?” indicates
unknown data.

Yeasts
The positive control had an LSU sequence that exactly matched that of Rhodotorula
mucilaginosa. The physiological results of the positive control were also a perfect match for R.
mucilaginosa (Table 4.1).
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Table 4.1: Identification of Positive
Control
+
Rhodotorula
Control mucilaginosa
Colony Color

Pink

Red, Pink

Hyphae

-

+,-

Cellibiose

+

+,-

Erythritol

-

-

myo-Inositol

-

-

Maltose

+

+,-

Melibiose

-

-

Raffinose

+

+

Sucrose

+

+

Nitrate

-

-

D-Glucose
Fermentation

-

-

LSU
Differences
from
+Control

N/A

0/570 (0.0 %)

This isolate matched in nearly all respects the description of Rhodotorula pinicola (Table
4.2). The species description describes the colonies as being pink to orange-pink, while Y3A
is described as having red colonies. Otherwise no difference in sequence data or
physiological data was noticed. R. pinicola was originally isolated from the xylem of a pine
twig (Zhao et al. 2002). Isolate Y3A was isolated from an apple fruit found on a tree growing
in Van Riper State Park in Champion, MI composed of mixed forest, including many species
of conifer.
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Table 4.2: Identification of
Isolate Y3A
Y3A

Rhodotorula
pinicola

Colony Color

Red

Pink to
Orange-pink

Hyphae

-

-

Cellibiose

+

+,D

Erythritol

-

-

myo-Inositol

-

-

Maltose

-

-

Melibiose

-

-

Raffinose

-

-

Sucrose

+

+

Nitrate

-

-

D-Glucose
Fermentation

-

-

LSU
Differences
from Y3A

N/A

0/998 (0.0 %)

Table 4.3: Identification of Isolate Y4
Y4

Cryptococcus
albidus

Colony Color

White

Cream

Hyphae

-

-

Cellibiose

+

+

Erythritol

-

+,-

myo-Inositol

+

+,-

Maltose

+

+

Raffinose

+

+,-

Sucrose

+

+

Nitrate

+

+

D-Glucose
Fermentation

-

-

LSU
Differences
from Y4

N/A

1/579 (0.2 %)
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The sequence from isolate Y4 most closely matched that of Cryptococcus albidus with
only one sequence difference (0.2 %). The physiological data from the isolate were also a
good match to C. albidus with again only a minimal difference in colony color noted (Table
4.3). C. albidus is a widely dispersed species having been found in air, cheese, effluent of a
pulp mill, humans and other mammals, leaves, sake-moto, soil, water, and wine (CBS 2007b).
Isolate Y4 was isolated from apple fruit in Van Riper State Park in Upper Michigan.

Table 4.4: Identification of Isolate Y9
Y9

Rhodotorula
phylloplana

Rhodotorula
hinnulea

Colony Color

Cream

Cream

Cream to
Yellow

Hyphae

-

-

-

Cellibiose

-

+

+

Erythritol

W

+

D

myo-Inositol

D

+

D

Maltose

+

+

+

Raffinose

+

+

+

Sucrose

+

+

+

Nitrate

D

+

+

D-Glucose
Fermentation

-

-

LSU
Differences
from Y9

N/A

1/600 (0.2 %)

-

1/591 (0.2 %)

The LSU sequence of isolate Y9 was most closely matched to two species (Table
4.4). The sequence was only one base different from both Rhodotorula phylloplana (0.2 %) and
Rhodotorula hinnulea (0.2 %), but with a slightly larger coverage in the case of the former.
Several physiological discrepancies can be noted between the isolate and both species. Both
species differ from the isolate in having positive cellibiose utilization. The isolate also differs

76

slightly in its utilization of erythritol, inositol, and nitrate from R. phylloplana, but only in
either the strength of the utilization or the time taken. Isolate Y9 differs in the same ways
from R. hinnulea except in the case of inositol utilization where it displayed the same
utilization ability. R. phylloplana and R. hinnulea were both isolated from a leaf of Banksia
collina in Australia (CBS 2007b). Isolate Y9 was isolated from an apple fruit from
domesticated apple trees in Minnesota.

Table 4.5: Identification of Isolate Y10
Y10

Candida
sake

Colony Color

White

White to
Cream

Hyphae

-

+,-

Cellibiose

-

+,-

Erythritol

-

-

myo-Inositol

+

-

Maltose

+

+,-

Raffinose

-

-

Sucrose

+

+,-

Nitrate

-

-

D-Glucose
Fermentation

+

+,-

LSU
Differences
from Y10

N/A

0/562 (0.0 %)

The LSU sequence of isolate Y10 most closely matched that of Candida sake. The
BLAST search also yielded a close match to a formerly accepted species, Candida
austromarina, which is now considered to be part of C. sake. Physiological testing revealed a
good match between Y10 and C. sake with Y10 only differing in its ability to utilize myoinositol (Table 4.5). C. sake is a widely distributed species. This species has been reported to
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occur in and on plants, in drinks (Sake-moto, beer), in ocean water, in soil, and many other
environments (CBS 2007b). Y9 was isolated from an apple fruit from domesticated apple
trees in Minnesota.

Table 4.6: Identification of Isolate Y12
Y12

Rhodosporidium
toruloides

Colony Color

Red

Pink, Red

Hyphae

-

+,-

Cellibiose

+

+,-

Erythritol

-

-

myo-Inositol

+

-

Maltose

+

+

Melibiose

W

-

Raffinose

+

+,D

Sucrose

+

+

Nitrate

+

+

D-Glucose
Fermentation

+

+

LSU
Differences
from Y12

N/A

4/574 (0.7 %)

ITS
Differences
from Y12

N/A

14/577 (2.4 %)

The LSU sequence of isolate Y12 most closely matched a sequence from
Rhodosporidium toruloides with a total of four differences (0.7 %). ITS1, 5.8S, and ITS2
sequences were also a close match to this species, but had a total of 14 base differences
(2.4 %). Physiological testing revealed Y12 and R. toruloides to be closely matched but
differed in myo-inositol and melibiose utilization (Table 4.6). R. toruloides has been reported
to occur in soils, the atmosphere, in the gut of a porpoise, and in wood pulp from conifers
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(CBS 2007b). Y12 was isolated from soil in the greenhouse of Northern Michigan
University.

Table 4.7: Identification of Isolates Y16 and Y17A
Y16

Y17A

Metschnikowia
chrysoperlae

Colony Color

White

White

White

Hyphae

-

-

-

Cellibiose

+

+

+

Erythritol

+

-

-

Maltose

+

+

+

Raffinose

+

-

-

Sucrose

+

+

+

Nitrate

-

-

-

D-Glucose
Fermentation

+

+

LSU
Differences
from Y16

N/A

N/A

3/500 (0.6 %)

LSU
Differences
from Y17A

N/A

N/A

0/490 (0.0 %)

+

Isolate Y16 had a LSU sequence that fairly closely matched that of Metschnikowia
chrysoperlae with 3 differences (0.6 %). Y17A had a LSU sequence that was an exact match for
a sequence from Metschnikowia chrysoperlae. Physiologically Y17A was an exact match with M.
chrysoperlae. Y16 differed in both its ability to utilize raffinose and erythritol. Y16 could utilize
these two carbon compounds while M. chrysoperlae is reported as not being able to utilize
them (Table 4.7). Species in this genus have been shown to produce a red diffusing pigment
as was noted in Y17A. M. chrysoperlae was isolated from insect eggs (Suh et al. 2004). Y16 and
Y17A were isolated from crabapple tree fruit in Marquette, MI.
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Table 4.8: Identification of Isolate Y18
Y18

Cystofilobasidium
infirmo-miniatum

Colony Color

Red

Pink to Red

Hyphae

-

+,-

Cellibiose

+

+

Erythritol

+

W,D,-

myo-Inositol

+

+

Maltose

+

+

Melibiose

-

-

Raffinose

+

+

Sucrose

+

+

Nitrate

+

+

D-Glucose
Fermentation

-

-

LSU
Differences
from Y18

N/A

0/596 (0.0 %)

The LSU sequence of Y18 exactly matched that of Cystofilobasidium infirmo-miniatum.
Physiological profiles were quite similar between the isolate and C. infirmo-miniatum with the
isolate only differing in the strength of the utilization of erythritol (Table 4.8). C. infirmominiatum has been isolated from the atmosphere, frozen vegetables, sea water, diseased pear,
raw meat and other environments (CBS 2007b). Y18 was isolated from crabapple fruit in
Marquette, MI.
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Table 4.9: Identification of Isolate Y22
Y22

Cryptococcus
wieringae

Colony Color

Cream

Cream

Hyphae

-

-

Cellibiose

W

+

Erythritol

+

-

myo-Inositol

+

+

Maltose

+

+

Melibiose

-

+

Raffinose

+

W,D,+

Sucrose

+

+

Nitrate

-

+

D-Glucose
Fermentation

-

-

LSU
Differences
from Y22

N/A

1/600 (0.2 %)

The LSU of Y22 most closely matched that of Cryptococcus wieringae with only one
base difference (0.2 %). The physiological testing showed considerable differences between
the isolate and C. wieringae. Isolate Y22 was capable of utilizing erythritol and not capable of
utilizing melibiose and nitrate whereas C. wieringae is reported as not being able to utilize
erythritol and being capable of utilizing melibiose and nitrate (Table 4.9). C. wieringae is
known to occur in sourdough bread, flax, leaves of maple and other plants (CBS 2007b).
Isolate Y22 was found on the fruit of Michigan holly.
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Table 4.10: Identification of Isolate Y35
Y35

Cryptococcus Cryptococcus Cryptococcus
victoriae
carnescens
tephrensis

Colony Color

Cream
to
yellow

Cream

Cream

Cream

Hyphae

-

-

-

-

D-Arabinose

+

+

+

+

Cellibiose

+

+

+

+

Erythritol

+

+

+

+

D-Galactose

+

+

+

+

myo-Inositol

+

+

+

w,d,+

Maltose

+

+

+

+

D-Mannitol

+

-,+

+

-

Melibiose

+

+

+

+

Melizitose

+

+

+

+

Raffinose

+

+

+

+

L-Rhamnose

+

+

+

+

Ribitol

+

+

+

+

Salicin

+

+

+

w,d,+

Succinate

+

-,+

+

w,d,-

Sucrose

+

+

+

w,d,+

a,a-Trehalose

+

+

+

w,d,+

D-Xylose

+

w,d,+

+

+

Vitamin Free

+

-,+

-

-

Nitrate

-

-

-

-

D-Glucose
Fermentation

-

-

-

-

LSU
Differences
from Y35

NA

10/597 (1.7 %)

10/598 (1.7 %)

13/595 (2.2 %)

ITS
Differences
from Y35

NA

31/531 (5.8 %)

9/490 (1.8 %)

18/496 (3.6 %)

Cryptococcus tephrensis var soli differs from the above in that it is recorded as having a W,D,+ reaction to raffinose
and erythritol.
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Figure 4.1: Colony characteristics under a dissecting scope (Left) and cell/bud characteristics
at 1000X (Right) of Y35 after two weeks on PDA.

Figure 4.2: Cell and budding characteristics of Y35 at 1000X grown on PDA after two weeks
(Left) and on malt yeast extract plus dextrose agar (MYDA) after three days (Right).
Isolate Y35 did not closely match any currently accepted species (Table 4.10). Its
LSU sequence was most closely related to Cryptococcus carnescens with 10 base differences
(1.7 %) and Cryptococcus victoriae also with 10 base differences (1.7 %). Cryptococcus tephrensis
also had a slightly less similar sequence with 13 base differences (2.2 %). The ITS1, 5.8S, and
ITS2 sequence from Y35 also was found to be most similar to C. carnescens with a total of 9
base differences (1.8 %) and second most similar to C. tephrensis with a total of 18 base
differences (3.6 %). With this sequence C. victoriae was the third most similar with a total of
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31 base differences (5.8 %). Y35 was found to differ from C. tephrensis in its ability to utilize
D-mannitol and grow without vitamins. It also differed from C. carnescens in its ability to
grow without vitamins. The limited physiological tests performed show no utilization
differences between isolate Y35 and C. victoriae. Isolate Y35 differed from all three species in
colony color. Although the colonies began as a cream color they turned egg yolk yellow
unlike the other three species (Figure 4.1). Budding characteristics were found to be similar
to most Cryptococcus species (Figures 4.1 and 4.2). C. carnescens has been isolated from
muscatel grape in Italy, leaves of citrus, spurge and sea spurge on the Canary Islands. C.
victoriae has been isolated from soil, and a variety of flowering plants. C. tephrensis has been
isolated from soil (CBS 2007b). Isolate Y35 was isolated from the seed head of Carex interior
in Seney National Wildlife Refuge in Upper Michigan.

Black Yeasts
Below are found all isolates which sequence comparisons placed as having highly
similar sequences to members of groups of black yeasts.
All of the isolates listed in Table 4.11 had LSU sequences highly similar to
Aureobasidium pullulans. Most isolates had an LSU sequence of three or less differences from a
sequence found recorded as being from A. pullulans. Y29 was the only exception with a LSU
sequence that differed by 7 base differences (1.2 %). Of the isolates sequenced in the ITS1,
5.8S, and ITS2 region, Y37 had the most dissimilar sequence from A. pullulans with a total of
7 base differences (1.3 %). Physiologically the isolates were very similar to each other and A.
pullulans. The main differences noted were in initial colony color and characteristics, some of
which can be seen in Figure 4.3.
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Aureobasidium
pullulans
Cream Pink

+

+

+

Erythritol

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

myo-Inositol

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

Maltose

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

Melibiose

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

Raffinose

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

Sucrose

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

Nitrate

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

D-Glucose
Fermentation

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

LSU
Differences
from A.

pullulans

ITS
Differences
from A.

pullulans

N/A

+

N/A

Dark Red

+

1/571 (0.2 %)

+

7/557 (1.3 %)

Pink

+

1/572 (0.2 %)

+

NS

Pink

+

2/569 (0.3 %)

+

NS

Pink

+

1/572 (0.2 %)

+

NS

Pink

+

7/572 (1.2 %)

+

2/550 (0.4 %)

Pink

+

3/574 (0.5 %)

+

NS

Cellibiose

2/573 (0.3 %)

+

NS

Light
Pink
Pink

+

1/572 (0.2 %)

+

NS

Pink

+

0/571 (0.0 %)

+

NS

Pink

+

0/571 (0.0 %)

+

NS

+

1/570 (0.2 %)

+

NS

Light
Pink
Pink

+

0/571 (0.0 %)

+

NS

+

3/573 (0.5 %)

+

NS

Pink

Y2
Y3B
Y8
Y14
Y17B
Y17C
Y19
Y23
Y26
Y29
Y30
Y32
Y34
Y37
Pink

+

0/568 (0.0 %)

+

0/554 (0.0 %)

+

1/571 (0.2 %)

Hyphae

NS

Colony Color

Pink

Y1

Table 4.11: Identification of Isolates Y1, Y2, Y3B, Y8, Y14, Y17B, Y17C,
Y19, Y23, Y26, Y29, Y30, Y32, Y34, and Y37
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Figure 4.3: Isolate colonies closely matching to Aureobasidium pullulans as seen with a
dissecting scope grown on PDA. A. Y29 colonies after 1 week. B. Y14 colonies after
1 week. C. Y8 colony after 1 week. D. Y29 colonies after 1 month. E. Y37 colonies
after 1 month. F. Y23 colonies after 1 month.

The colonies of all isolates turned black after nutrients became scarce or after
roughly three months without subculture. Initial colonies ranged from being nearly white
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with a slight tinge of pink (Y8 and Y19), to being a pink color (most isolates), to being dark
red (Y37) (Figure 4.3). The different isolates also showed a varying degree of production of
hyphae. Some isolates such as Y29 had hyphae which only extended ~1 cm away from the
colony center. Others such as Y23 filled the entire agar volume with hyphae. A. pullulans is
found in a huge range of environments and is especially common on plant surfaces (CBS
2007a). Isolates listed in Table 4.11 were all found on fruit.

Table 4.12: Identification of Isolate Y25
Y25

Phialophora
repens

Phaeoacremonium
angustius

Colony Color

White
Turning
Black

White Turning
Grey/Black

Dark Brown

Hyphae

+

+

+

Cellibiose

+

?

?

myo-Inositol

D

?

?

Maltose

+

?

?

Raffinose

+

?

?

Sucrose

+

?

?

Nitrate

+

?

?

D-Glucose
Fermentation

+

?

LSU
Differences
from Y25

N/A

3/559 (0.5 %)

?

4/559 (0.7 %)

Isolate Y25 had a LSU sequence most closely related to Phialophora repens with only
three base differences (0.5 %). The next closest species match was Phaeoacremonium angustius
with only one additional base difference (0.7 %). Unfortunately no utilization data could be
found to compare these two species to isolate Y25 (Table 4.12). P. repens is noted to
occasionally have a strong yeast-like morph whereas no mention of a yeast-like morph in P.
angustius could be found. P. repens has been reported to occur on lumber and as an animal
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pathogen. P. angustius has been reported to occur in soil, and on and in grape plants (CBS
2007a). It is known to cause disease in grape plants. Isolate Y25 was found to be a
contaminant on orchid leaves during tissue culture attempts.

Table 4.13: Identification of Isolate Y27
Y27

Dothiora
cannabinae

Colony Color

Opaque
Turning
Black

Black with age

Hyphae

+

+

Maltose

+

?

Sucrose

+

?

D-Glucose
Fermentation

-

?

LSU
Differences
from Y27

N/A

2/557 (0.4 %)

ITS
Differences
from Y27

N/A

14/509 (2.8 %)

Isolate Y27 had an LSU sequence that was most closely related to Dothiora cannabinae
with only two base differences (0.4 %). The ITS1 5.8S and ITS2 sequence was relatively
closely matched to D. cannabinae with a total of 14 base differences (2.8 %). Again little
information could be found on the physiology of this species (Table 4.13). D. cannabinae has
been found on twigs of Daphne cannabina (CBS 2007a). Isolate Y27 was found on fruit from
Allegheny serviceberry in Upper Michigan.
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Table 4.14: Identification of Isolates Y5, Y13, Y20, Y28, and Y31
Sydowia Delphinella
Y5
Y13
Y28
Y20
Y31

polyspora strobiligena
Colony Color

White
Turning
Black

White
Turning
Black

White
Turning
Black

White
Turning
Black

White
Turning
Black

Black

Black

Hyphae

+

+

+

+

+

+

+

Cellibiose

+

+

+

W

W

?

?

Erythritol

+

+

+

D

D

?

?

myo-Inositol

+

+

+

+

+

?

?

Maltose

+

+

+

W

W

?

?

Raffinose

+

+

+

+

+

?

?

Sucrose

+

+

+

+

+

?

?

Nitrate

+

+

+

+

+

?

?

-

-

-

-

-

?

?

13/574
(2.3 %)

13/574
(2.3 %)

14/575
(2.5 %)

0/572
(0.0 %)

3/569
(0.5 %)

N/A

N/A

44/567
(7.8 %)

45/568
(7.9 %)

44/568
(7.7 %)

NS

NS

N/A

N/A

17/574
(3.0 %)

17/574
(3.0 %)

18/575
(3.1 %)

1/572
(0.2 %)

4/569
(0.7 %)

N/A

N/A

D-Glucose
Fermentation
LSU
Differences
from S.

polyspora
ITS
Differences
from S.

polyspora
LSU
Differences
from D.

strobiligena

Isolates Y5, Y13, Y20, Y28, and Y31 had a LSU sequence that was most similar to
Sydowia polyspora (Table 4.14). The sequences from Y20 and Y31 were the most similar with
no differences and three differences respectively. Isolates Y5, Y13 had LSU sequences that
differed from S. polyspora by 13 differences (2.3 %). Isolate Y28 had a LSU sequence that
differed from S. polyspora by 14 differences (2.5 %) in the case of Y28. The LSU of these five
isolates were second most similar to Delphinella strobiligena with only one difference (0.2 %) in
the case of Y20 and four differences (0.7 %) in the case of Y31. Isolates Y5, Y13 and Y28
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differed by much larger amounts having 17 base differences (3.0 %) in the case of Y5 and
Y13 and 18 differences (3.1 %) in the case of Y28. The ITS1, 5.8S, and ITS2 regions of Y5,
Y13 and Y28 were also sequenced. These sequences were found to be highly dissimilar to S.
polyspora with a total of 44 differences (7.8 %) in Y5, 45 (7.9 %) in Y13, and 44 (7.7 %) in
Y28. D. strobiligena was not among any of the matches generated with a BLAST search of the
ITS regions and thus the sequences of Y5, Y13 and Y28 were highly divergent from D.
strobiligena. Physiological testing revealed a marked difference between the group that
included isolates Y5, Y13, and Y28 and the group that included Y20 and Y31. Isolates Y20
and Y31 were found to give weak growth in the maltose and cellobiose utilization tests and a
delayed response in the erythritol utilization test. No data could be found on the utilization
abilities of S. polyspora or D. strobiligena. Both S. polyspora and D. strobiligena are teleomorph
species which produce conidia in pycnidia structures or on undifferentiated hyphae. An
anamorph of S. polyspora, Hormonema dematioides, is very similar to S. polyspora but does not
produce pycnidia. No pycnidia were noted in isolates Y5, Y13, Y20, Y28 or Y31. Isolates
Y20 and Y31 produced large amounts of thick walled pseudohyphae. This is similar to what
is described as thick-walled chlamydospores in a species description of H. dematioides. S.
polyspora and D. strobiligena are pathogens of conifers. H. dematioides has been found to be an
animal pathogen as well as a foliar endophyte of conifers (CBS 2007a). Isolate Y5 was found
on apples in Van Riper State Park. Y13 was isolated from the fruit of wintergreen. Y28 was
isolated from fruit of lowbush blueberry. Isolate Y20 was found on Michigan holly fruit and
Y31 was isolated from berries of serviceberry. All of these isolates were found on fruit
within 1,000 meters of conifers.
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Figure 4.4: Colonies of Y5 and Y13 as seen under a dissecting scope. A. Colony of Y5 on
PDA after one week. B. Colony of Y5 on PDA after one month. C. Close-up of
colony of Y5 on PDA after one month showing the sunken crater-like appearance.
D. Colony of Y13 after four days showing a dark shadow of the yeast-like colony
surrounded by hyphae.
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Figure 4.5: Cell and bud characteristics of Y5 and Y13. A. Yeast-like cells and starting of
hyphae of Y5 grown in liquid inoculation medium for 10 days seen at 1000X. B. and
C. Yeast-like cells taken from 5 day old culture grown on PDA of Y13 seen at
1000X. Note mother cells become pointed on poles after budding, likely due to bipolar annellate bud scars (arrows). New buds more often than not come off at a near
90 degree angle from mother cells. D. Yeast-like cells taken from a 5 day old colony
grown on PDA of Y5 seen at 1000X showing variability in cell shape and size.
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Figure 4.6: Darkly pigmented pseudo-hyphae of Y5 as seen at 400X magnification.
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Figure 4.7: Hyphae of Y5 showing basal conidiogenesis as seen at 400X magnification.
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Figure 4.8: Hyphae structures of Y5. A.-C. Intercalary chlamydospore-like cells of Y5 seen at
1000X. D. Darkly pigmented pseudo-hyphae of Y5 seen at 1000X.
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Figure 4.9: Characteristics of the hyphae of Y5 directly below a colony (looking up from
bottom) as seen at 100X magnification.
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Figure 4.10: Fine aerial hyphae protruding <1 mm off the top of a 4 month old colony of Y5
grown on PDA as seen at 100X magnification.

DISCUSSION
The LSU sequence of the positive control used in sequencing and as a
positive/negative control during phenotypic testing was found to be most similar to
Rhodotorula mucilaginosa as expected. There was an exact match found for this sequence in
Genbank. The phenotypic results also showed no differences from the species description.
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Isolate Y3A matches in nearly every way with Rhodotorula pinicola and so there is no
reason to doubt that it is this species. Isolate Y4 is highly similar to Cryptococcus albidus both in
its LSU sequence and its physiology. This isolate is almost certainly C. albidus.
Y9 is similar to both Rhodotorula hinnulea and Rhodotorula phylloplana. The LSU
sequence is nearly a match for both species. Physiologically Y9 has some significant
differences from both species especially in its utilization of cellobiose. The high sequence
similarity would seem to indicate that this isolate belongs to one of these species, but the
variation seen in the physiological tests leaves open the possibility that this isolate belongs to
a different, possibly undescribed, species. If it did belong to an undescribed species this
species would have had to evolve in such a way that only minimal base changes took place in
the LSU gene (rapid evolution, over-writing of previous mutations, etc.). Although its
placement in a different species is possible, it is more likely that this is just a physiological
variation within the species or an error in the physiological testing. The ITS1, 5.8S, and ITS2
sequence probably would have cleared this problem up if it could have been successfully
sequenced or a larger number of physiological tests completed.
Isolate Y10 was highly similar in LSU sequence and physiology to Candida sake with
the only major difference being its ability to utilize myo-inositol. This is again likely just a
variation within the species or an error in the testing, so isolate Y10 probably is C. sake.
Isolate Y12 showed relatively large LSU sequence dissimilarity (4 base differences)
with the most similar sequence found which was from Rhodosporidium toruloides. It also
showed a relatively large dissimilarity in its ITS1, 5.8S, and ITS2 sequence with a total of 14
base differences. This isolate also showed a significant number of physiological differences.
It was different from the described R. toruloides in its ability to utilize myo-inositol and
melibiose. This isolate seems to be on the border of being a different undescribed species.
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Its LSU differences are below the cutoff of 6 differences described earlier but are above the
3 or less considered to be a species (Kurtzman 2006). Three of the differences are found
near the 3’ end of the LSU sequence where they appear to be two insertion/deletion (indel)
events. A sequence alignment shows one gap followed by two Gs (which are the same in the
R. toruloides sequence) followed by two gaps. This puts this isolate in a grey area where it
could conceivably belong to a new species or could be a significant variation of the species
but because the sequence differences are clustered towards one end on the sequence it seems
more likely that this was a sequencing error.
Isolates Y16 and Y17A had LSU sequences closely matching that of Metschnikowia
chrysoperlae. Isolate Y16 differed by three bases and Y17A by none. The physiological
differences noted in Y16 are likely a variation within the species although these are rather
significant differences and along with a lack of the red diffusing pigment typically found in
this species may indicate that this isolate belongs to a different, closely related species. An
ITS1, 5.8S, and ITS2 sequence and further physiological testing would be needed to reject
either one of these hypothesizes.
Isolate Y18 had and LSU sequence that was most similar to Cystofilobasidium infirmominiatum. This isolate had no phenotypic differences from C. infirmo-miniatum and thus it
seems likely that isolate Y18 belongs to this species.
The LSU sequence from Y22 was found to be most similar to Cryptococcus wieringae.
There were significant differences found in the utilization abilities of Y22 from C. wieringae.
Isolate Y22 was capable of utilizing erythritol and not capable of utilizing melibiose and
nitrate. This is in stark contrast to C. wieringae not being able to utilize erythritol and being
able to utilize both melibiose and nitrate. These significant differences again raise the
question of whether or not this is just phenotypic variability within the species or not. The
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high LSU similarity indicates that this isolate is extremely closely related C. wieringae and
indicates that this isolate is part of this species with some varied abilities from the
description found.
The isolates that were found to be closely related to groups on black yeasts based on
DNA sequences were fairly difficult to compare to their closest match species. Much of this
difficulty comes from the fact that species within these groups are not typically treated as
yeasts and are therefore are not tested in similar ways. A few species, such as Aureobasidium
pullulans, have been tested with methods similar to those used on yeasts.
Fourteen isolates had LSU sequences that were most closely matched to A. pullulans.
Only isolate Y29 had a LSU sequence that had more than three base differences from a
sequence recorded as being from A. pullulans within Genbank. The ITS1, 5.8S and ITS2
sequence from this same isolate only showed two base differences from a sequence recorded
as being from A. pullulans within Genbank. Isolate Y37 had a highly similar LSU sequence
(99%, 570 similarities out of 571), but relatively low ITS sequence similarity (98%, 550
similarities out of 557). No utilization differences were found between the isolates and A.
pullulans. There was an unexpected amount of variation seen in colony morphology seen
within these isolates (Figure 4.3). The phylogenetic analysis of these isolates showed distinct
groupings within the isolates (Chapter 3). Isolate Y37 varied considerably from descriptions
of this species. Y37 was found to have dark red colonies that very rarely turned black with
chlamydospore production. Hyphae were only produced in small sections on each PDA
plate. This isolate also stained the surrounding agar an orange to red color after a couple
weeks of growth. At the current time all of these isolates appear to belong to this species as
it is described, but it seems likely that this species will eventually be divided into multiple
species.
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In some cases A. pullulans has been said to be an anamorph of Sydowia polyspora
(Deacon 2006). Phylogenetic analyses do not seem to support this claim. Instead Hormonema
dematioides is in fact an anamorph of S. polyspora. A. pullulans is closely related but indeed
belongs to a distinctly separate group and is not simply a morph of S. polyspora (de Hoog et
al. 1999; Funk 1981; Yurlova et al. 1999). A. pullulans is either a very widely variable species
in terms of rDNA sequences or the species is in fact a species complex. The latter is
supported by high intraspecific variation in rDNA sequences. The variation in ITS1 (4.3%)
has been shown to exceed the heterogeneity (1%) (Yurlova et al. 1999). This cutoff point is
typically assumed to be the upper limit of a species. In any case the species as it is currently
described appears to be a highly successful species. It is found very widely on plant surfaces
and was found on all fruit sampled in this study. This species success may be related to the
novel exopolymers such as pullulan produced by this species. Pullulan has high structural
flexibility and high solubility and produces high viscosity liquids at low concentrations. It can
be used to form oxygen-impermeable films, thickening agents, or adhesives (Lee et al. 1999).
It may be the adhesive properties of this exopolymer that allows this species to be so
successful on plant surfaces by staying attached when other species would be washed off.
Isolate Y25 had a LSU sequence that was most similar to a sequence from Phialophora
repens closely followed by a sequence from Phaeoacremonium angustius. Many attempts to
amplify the ITS1, 5.8S and ITS2 regions of this isolate failed. Unfortunately this isolate is a
prime example of the problems with identifying species within these groups. A close
comparison of pictures of P. repens found on the CBS database to those taken of isolate Y25
showed the two to be fairly similar in microscopic anatomy. Descriptions of colony
characteristics were also similar between the two (CBS 2007a). It is difficult to be sure
because of the scarce data, but it seems likely that this isolate belongs to P. repens.
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The LSU sequence from Y27 was most closely matched to Dothiora cannabinae. The
ITS regions were fairly similar to this species as well but differed by 14 base differences.
Very limited information was available for this species. The CBS database only had this
species as being found on Daphne cannabina, a bush found in Asia. Based on gross
morphology and sequence data this isolate likely belongs to D. cannabinae or a closely related
species. It seems possible that the orchid this isolate came from may have been originally
grown in Asia where it picked up D. cannabinae and then the fungus subsequently grew as a
contaminant in the orchid leaf culture.
Isolates Y20 and Y31 had LSU sequences that were highly similar to Sydowia polyspora
and second most similar to Delphinella strobiligena. The phenotypes of these isolates were
nearly identical to that described in the description of S. polyspora though no pycnidia were
formed on any agar tried (PDA, malt-yeast extract agar, malt extract agar, and cornmeal
agar). Because of this these isolates probably belong to S. polyspora, but are technically
anamorphic and could thus also be called Hormonema dematioides.
The LSU sequence from isolate Y35 was shown to yield no close match when a
BLAST search was conducted. The most similar sequences found were those from
Cryptococcus carnescens and Cryptococcus victoriae with 10 base differences. A sequence from
Cryptococcus tephrensis was the next closest match with 13 base differences. The ITS1, 5.8S, and
ITS2 sequence was also quite divergent from the closest match for such a heavily sequenced
group. The ITS sequence of Y35 also was found to be most similar to C. carnescens, but far
more dissimilar from both C. victoriae and C. tephrensis. The limited number of phenotypic
tests showed a few distinct differences between this isolate and the three most similar
species. This seems to be typical within this particular group, as many species are similar in
their phenotypes when only a limited set of tests is used (Barnett et al. 2000; Kurtzman and
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Fell 2000; Takashima et al. 2003; Thanh et al. 2006). Phylogenetic analysis of this isolate
showed it to be closely related to these three species, but distinct from them (Chapter 3). A
new species is proposed Cryptococcus sp. nov. with the description to be published in a
subsequent paper.
Isolates Y5, Y13 and Y28 had a LSU sequence that was highly divergent from any
species found on Genbank. The sequences were most similar to S. polyspora, but differed by
large amounts and second most similar to D. strobiligena, but differed by even larger amounts.
These isolates were found to produce colonies macroscopically similar to many black yeast
species (Figures 4.4 - 4.10). No pycnidia were formed on any agar tried (PDA, malt-yeast
extract agar, malt extract agar, and cornmeal agar). Pycnidia were also not formed when the
isolates were combined in culture or inoculated onto the skin of an apple slice surface
sterilized in bleach. Phylogenetic analysis showed these isolates to belong to the order
Dothideales. In the phylogenetic trees they were found to be distinct from all other species
and were not found within any non-polyphyletic genus (Chapter 3). A new genus and species
is proposed with the descriptions to follow in a subsequent paper.
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Table 4.15: Environments Sampled and Species Isolated
Plant species
(from fruit
unless listed
otherwise) or
Habitat

Location

Date

Amelanchier laevis
(Allegheny
serviceberry)
Andromeda polifolia
(bog rosemary)

Big Bay, MI

7/07

Seney, MI

7/07

Carex interior
(inland sedge)

Seney, MI

7/07

Compost

Marquette,
MI
Marquette,
MI

9/05

Ecological
Situation

Yeast
Isolates
Tested

Species Identified

4

Aureobasidium pullulans,
Dothiora cannabinae, Sydowia
polyspora
Aureobasidium pullulans

8/05

Natural, forest
setting, far from
human disturbance
Natural, sedge lawn,
far from human
disturbance
Natural, sedge lawn,
far from human
disturbance
Backyard compost
pile
Natural, pine forest

Marquette,
MI

7/05

Malus sp. (sweet
crabapple)

Marquette,
MI

Malus sylvestris
domestica
‘Harelson’ (apple)

1
2

Aureobasidium pullulans,
Cryptococcus sp. nov.

1

Candida sake

2

Aureobasidium pullulans,
Gen. nov. et sp. nov.

Landscape plant

3

8/05

Landscape plant

5

St. Cloud,
MN

8/05

2

Malus sylvestris
domestica (apple)

Champion,
MI

8/05

Cultivated, small
orchard pesticide
applied regularly
(insecticide
/fungicide)
Escaped cultivation,
forest setting
(conifer/deciduous)

Aureobasidium pullulans,
Cryptococcus wieringae, Sydowia
polyspora
Aureobasidium pullulans,
Cystofilobasidium infirmominiatum, Metschnikowia
chrysoperlae
Aureobasidium pullulans,
Rhodotorula sp.

Oncidium ‘Sharry
Baby’ (orchid,
leaves)
Soil

Marquette,
MI

11/06

Greenhouse

1

Aureobasidium pullulans,
Cryptococcus albidus,
Rhodotorula pinicola, Gen.
nov. et sp. nov.
Phialophora repens

Marquette,
MI
Big Bay, MI

9/05

Greenhouse

1

Rhodosporidium toruloides

7/07

Natural, edge of
bog, far from
human disturbance

1

Aureobasidium pullulans

Big Bay, MI

7/07

Natural, edge of
bog, far from
human disturbance

2

Aureobasidium pullulans,
Gen. nov. et sp. nov.

Marquette,
MI

8/05

In town, cultivated,
organic

1

Aureobasidium pullulans

Gaultheria
procumbens
(American
wintergreen)
Ilex verticillata
(Michigan holly)

Vaccinium
angustifolium
(lowbush
blueberry)
Vaccinium
angustifolium var.
nigrum (lowbush
blueberry)
Vitisvinifera sp.
(domestic table
grape)
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Table 4.15 shows details about the environments sampled and the species that were
isolated from those environments. Again one of the most notable things is the large portion
of the environments (11 out of 14, 79 %) from which A. pullulans was isolated. The apples
from Minnesota and apples from Michigan showed a notable difference in their microbiota.
Both trees produce tart apples, but differed in their ecological situations and were located far
apart. The regular use of insecticide/fungicide on the Minnesota tree is one possible reason
why only two species were isolated from this tree. The placement of the apple trees may also
be a factor. The apple tree in Michigan is in Van Riper State Park and is surrounded by a
large forest which includes many species of conifer and many deciduous tree species. This
biodiversity may lead to a larger number of insect vectors which may lead to an increased
number of fungi species being vectored. Insects certainly play key roles as vectors of yeast
and yeast-like fungi (Lachance et al. 2003; Lachance et al. 2001; Spencer and Spencer 1997;
Suh and Blackwell 2004).
This study further supported the key role that sequence analysis should now play in
yeast and yeast-like species identification. The phenotypic portion of this research took well
over 1,000 lab hours to complete and is very simple in comparison to the barrage of
phenotypic tests many authors use (Lachance et al. 2003; Pimentel et al. 2005; Suh et al.
2004; Thanh et al. 2006). Results from these tests were not enough by themselves to
accurately place any isolate within a species. On the other hand from start to end sequencing
was completed in less than 200 lab hours and results were more or less available within
minutes after sequences were checked for errors. The possibility of errors is also significantly
reduced when sequencing is used to identify isolates. Erroneous results were noted
numerous times during the course of the phenotypic experiments. In one case a batch of
maltose was obviously contaminated by another carbohydrate. This was noticed and
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corrected because of growth of the negative control species. Stringent aseptic techniques
were followed at all times. All cell transfer was done in a biosafety level 2 hood and each
culture was carefully sealed when outside of the hood. Even with these better than standard
precautions against contamination, compromised cultures were still found during the course
of the experiments. Carbon assimilation tests had to be repeated an additional time in at least
two cases because contamination was found when routine microscopic analyses were
conducted after growth was recorded.
Sequencing has again shown its advantages to traditional methods for species
identifications and descriptions. There is much work to be done in yeast biology and
ecology. Ongoing research into possible new species is an integral part of understanding
yeast and yeast-like organisms. Questions remain unanswered in areas such as species
distributions, the ecological importance of species, and possible human applications.
A total of fourteen species were found in the thirty-two isolates examined. The most
common species isolated was A. pullulans. This species showed a large diversity in both
phenotype and genotype between the environments. This research has expanded the number
of environments from which many of the species identified are known to occur. Numerous
cases of intraspecies variation in phenotype were found. Two new species, one in a new
genus, have been found and will be described in a subsequent paper.
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